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Many RNA viruses, including enteroviruses, remodel host ER membranes 

to form platforms with unique lipid components to assemble replication 

complexes and synthesize new viral RNA. Cholesterol is a critical component of 

cellular membranes regulating fluidity and being indispensable for proper 

assembly and function of membrane based protein-lipid complexes. Here we 

show that enteroviruses harness the clathrin mediated endocytosis (CME) 

pathway to transfer free cholesterol from the plasma membrane to the viral 

replication organelles (VROs). We show that cholesterol is responsible for 

regulating viral protein processing and facilitates viral RNA synthesis, and 

disrupting CME causes cellular cholesterol pools to be stored in lipid droplets 

obstructing the transfer to VROs and inhibiting viral replication. In contrast, we 

found that the presence of excess intracellular cholesterol, as in cells lacking 

caveolins or those from patients with Niemann-Pick disease, stimulates viral 

replication. We demonstrate that, the redistribution of free cellular cholesterol and 

the cellular recycle dynamics are affected during infection. The CME rate of 



uptake does not change during the initial 2 hours of infection while the rate of 

cellular endosomal recycling is inhibited resulting in a net decrease of free 

cholesterol at the plasma membrane, and facilitating the access and active 

transfer of cholesterol from enriched internal cellular compartments to VROs. Our 

findings indicate that cholesterol is critical for enteroviral replication and that CME 

has an important role in the enteroviral life cycle and in the host cellular 

cholesterol homeostasis. 
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CHAPTER 1 

BACKGROUND AND INTRODUCTION 

Enterovirus Classification 

Viruses are small obligate intracellular infectious agents. Viruses can 

infect cells of almost all life forms from humans and plants to bacteria. The most 

widely adopted animal virus classification system is based on the genome 

composition and structure, and taxonomic rank. According to the 8th report of the 

International Committee on Taxonomy of Virus (ICTV), there are seven groups of 

viruses: Double-stranded DNA viruses (dsDNA), Double-stranded RNA viruses 

(dsRNA), Positive sense single-stranded DNA (+ssDNA) viruses, Negative sense 

single-stranded DNA (-ssDNA) viruses, Positive sense single-stranded RNA 

(+ssRNA) viruses, Negative sense single-stranded RNA (-ssRNA) viruses, 

Reverse transcribing dsDNA viruses, and Reverse transcribing +ssRNA viruses. 

The generally known enteroviruses are a group of +ssRNA viruses that 

belong to the Family Picornaviridae. Among viruses in this group, are the human 

infecting viruses such as Poliovirus (PV), Coxsackievirus (CV), Echovirus (ECV), 

Enterovirus (EV), Hepatitis A virus (HEPA), and Rhinovirus (RV). The Genus 

Enterovirus is divided into 5 species groups that infect humans: Human 

enterovirus A (with 11 CV-A and 2 ENV serotypes), Human enterovirus B (with 1 

CV-A, 6 CV-B, 6 ENV, and 28 ECV serotypes), Human enterovirus C (with 9 CV-

A serotypes), Human enterovirus D (with 2 ENV serotypes), and Poliovirus (with 

3 serotypes) and all share the following characteristics. The infective virion 



measures ~30nm in diameter and has an icosahedron shape. It is composed of a 

capsid (or protein coat) surrounding a core of +ssRNA. The capsid is made of 

identical units (protomers) composed of 1 internal and 3 surface proteins. The 

core houses a single molecule of +ssRNA, measuring 7-8.8 kb in size (Fauquet, 

et al. 2005; Holland, et al 1960). 

Human Enterovirus and Disease 

Enteroviruses are one of the most common human infecting viruses. This 

group of viruses has been estimated to infect 50 million people in the United 

States and more than a billion around the world (Palacios and Oberste, 2005). 

Enteroviruses can cause a wide range of diseases from mild skin rashes and the 

common cold to severe degenerative diseases of the central nervous system 

(CNS) and heart muscle to even death of the patient (Jubelt and Lipton 2014). 

These viruses are primarily transmitted via the fecal-oral, fomite, or respiratory 

tract routes and are associated with poor sanitary conditions and tropical 

environments (CDC 2015). These viruses can infect any member of the 

population but infants, children, and teenagers are more susceptible since they 

do not have immunity from prior illness (CDC, Overview, 2015). 

The most well known virus in this group is Poliovirus responsible for 

causing Poliomyelitis (Polio). Poliomyelitis is a highly infectious degenerative 

disease of the CNS leading to paralysis or even death if breathing muscles are 

affected (WHO website). Since the establishment of the effort to eradicate Polio 

in 1988, more than 99% of cases were reduced, when over 350,000 cases were 

reported from more than 125 countries. By 2014 only 416 cases were reported 



and only 3 countries remain polio endemic (Afghanistan, Nigeria, and Pakistan) 

(Wassilak et al., 2014; Palacios and Oberste 2005). In 2007, the Center for 

Disease Control (CDC) reported that Coxsackievirus B1, another member of 

these group of viruses, has been responsible for over 25% of the enteroviral 

infections reported that year in the United States; causing severe neonatal 

diseases such as encephalomyocarditis (inflammation of the heart muscle and 

brain) (CDC 2008 report; Tebruegge, et al. 2009). A very recent outbreak of 

Enterovirus D68 (EV-D68) started in August 2014, and until January 2015 a total 

of 1153 cases from 49 states have been reported to the CDC. The majority of 

reported cases were from respiratory illnesses in children and 14 fatalities (CDC, 

Enterovirus D68, 2015). 

Enteroviral Life Cycle 

The enteroviral life cycle starts with receptor mediated (depending on the 

type of virus, for example for CV is the coxsackie and adenovirus receptor) viral 

uptake into the host cell. The primary site of infection is the epithelial cells of the 

respiratory or gastrointestinal tract (Bopegamage et al. 2005; Iwasaki et al. 2002). 

Inside the host cell, the virion looses its coat and the viral +ssRNA is released 

into the cytoplasm, through an unidentified mechanism. The released +ssRNA 

attaches to the host ribosomes, with the aid of an internal ribosome recognition 

site (IRES) encoded into the 5’ untranslated region (UTR) of the viral genome, to 

initiate translation of a single ~250 kDa polyprotein. The new viral polyprotein is 

autocatalytically processed in cis and trans during and after translation. The 

resulting proteins are responsible for making the host cell environment suitable 



for viral RNA replication with minimal interference from host components. The 

viral nonstructural proteins assemble the viral replication complex where the 

+ssRNAs docks and serves as a template to make complementary -ssRNA. The 

-ssRNA strand now serves as the template to synthesize new +ssRNA that can 

be part of one of three processes either be part of the replication cycle, be 

translated into new viral proteins, or be packaged by the structural proteins into 

new infective virions to be released into the extracellular environment (Whitton, et 

al. 2005). 

Coxsackievirus and Poliovirus Selected Model System 

 Apart from its importance as human pathogens of great medical and 

economic concern, the selection of CV and PV as my model system was mainly 

due to the wide range of tools available to facilitate experimentation such as 

antibodies and fluorescently tagged constructs. Additionally, these viruses have 

been characterized for causing acute viral infections, meaning that the entire life 

cycle is short, it takes place within 8-10 hours with a peak replication time of 4 

hours post infection. Another important reason for selecting these viruses is that 

their genomes are well characterized providing a wealth of useful information. In 

this project, most of the experiments are performed using CV and PV but also EV 

and RV when necessary to provide experimental evidence for results that apply 

not only to CV and PV. 

 

 



Viral Genome Structure 

 The genome structure of CV and PV is identical. The +ssRNA is made up 

of ~7440 nucleotides (nt) organized as follows: a long 5’UTR of ~742nt, a single 

open reading frame (ORF) of ~6628nt, and a 3’ UTR of ~70nt  (Mueller et al. 

2005; Holland, et al. 1960) (Figure 1). The 5’ end of the 5’UTR is covalently 

linked to a virus encoded protein, VPg (or 3B), responsible for the initiation of 

RNA synthesis (Lee et al, 1977; Paul et al, 1998; Kitamura, et al 1981). The 5’ 

and 3’ UTR regions contain secondary structures that are important for viral 

replication and translation. The cloverleaf secondary structure is located within 

the first 100nt of the 5’UTR. It binds the 3’ UTR that contains 2 secondary stem 

loop structures followed by a poly(A) tail. The 3’ and 5’ secondary UTR structures 

associate with each other by forming a complex with viral and host proteins 

(Figure 1). This complex helps to circularize the viral RNA and initiate RNA 

synthesis (Herold and Andino 2001). Following the cloverleaf structure, there is 

another secondary structure, the internal ribosome entry site (IRES) (Figure 1). 

The IRES allows binding of the viral +ssRNA to the host ribosomes to begin a 

cap independent translation of viral proteins (Palletier, Kaplan, et al. 1988; 

Palletier, Sonenberg, et al. 1988). 

The ORF encodes for one polyprotein that is auto processed into 11 viral 

proteins and its precursors. The ORF is organized into 3 regions in order from 5’ 

to 3’, P1, P2, and P3. The P1 region includes the capsid proteins VP4, VP2, VP3, 

and VP1. Both P2 and P3 regions contain the nonstructural proteins, which 

interact with viral RNA, among viral nonstructural proteins, and host cell proteins. 



The P2 region includes 2A, 2B, and 2C. And the P3 region includes 3A, 3B, 3C, 

and 3D (Wimmer, et al. 1993; Mueller et al. 2005) (Figure 1). 

 

Figure 1. Coxsackie and Poliovirus Genome Organization 

The terminal viral protein VPg is linked covalently to the 5’ end. The 5’ UTR 

consists of the 5’ cloverleaf structure followed by the IRES element. The single 

open reading frame is translated into a polyprotein of ~247 kDa that is processed 

by the virally encoded proteinases, 2Apro and 3Cpro/3CDpro, into the intermediate 

protein products (VP0, 2BC, 3AB, 3CD) and the final viral proteins (VP1, VP2, 

VP3, VP4, 2A, 2B, 2C, 3A, 3B, 3C, and 3D). The 3’ UTR consists of 2 stem loop 

structures followed by a poly(A) tail. 

Processing and Viral Protein Function 

Upon viral exposure, host cells expressing the specific receptors take up 

the virions and release of the +ssRNA in to the host cell cytoplasm. The receptor 

that recognizes poliovirus is the human Poliovirus Receptor (PVR) or CD155 and 

for coxsackievirus is the Coxsackie and Adenovirus Receptor (CAR) (He, et al. 

2003; Bergelson et al. 1997). The +ssRNA through the IRES encoded into its 
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genome attaches to the host ribosomes to initiate translation of the viral 

polyprotein (Palletier, Kaplan, et al. 1988; Palletier, Sonenberg, et al. 1988). The 

viral proteases 2Apro, 3Cpro, and 3CDpro start the auto cleavage process as the 

polyprotein is being translated and after translation has ended, producing the 

structural and nonstructural precursor and protein products. The cascade of 

highly specific cis and trans cleavage events follows a 3-step process. First, 2Apro 

carries out the cleavage in cis of the Tyrosine-Glycine bond between P1 and P2, 

releasing the P1 precursor, while the polyprotein is still being translated. Second, 

3CDpro catalyzes the cleavage in cis of the Glutamine-Glycine bond between P2 

and P3, releasing P3. In addition, the 3Cpro and 3CDpro in a series of cis and trans 

cleavage events process the P2, P3, and P1 regions generating 2A, 2BC, 3AB, 

2B, 2C, 3A, 3B (or VPg), 3Cpro, 3Dpol, VP0, VP1, and VP3. Finally the third step, 

or maturation cleavage, is the processing of VP0 into VP4 and VP2, and this step 

is required for the new virion to be infectious (Mueller et al. 2005; Malcolm 1995; 

Cameron, et al. 2010; Palmenberg 1987 & 1990). The protease responsible for 

the maturation cleavage has not yet been identified; but it has been proposed to 

be and autocatalytic process involving the newly encapsidated +ssRNA 

(Basavappa et al. 1994). 

P1 proteins, VP1, VP2, VP3, and VP4, make up the virion capsid. Capsid 

is composed of 60 identical units, protomers, each made up of 3 surface proteins, 

VP1, VP2, VP3, and 1 internal protein VP4 (Fauquet et al. 2005). P2 proteins, 

aside from the viral processing activity of viral 2Apro, have the following functions.  

2Apro is also responsible for inhibiting cap dependent host mRNA translation by 



interfering with the function of the eukaryotic initiation factor 4F (eIF4F) complex, 

which is responsible for the recruitment of the 40s ribosomal subunit to capped 

mRNAs. 2Apro cleaves the N-terminal domain of the eIF4G disrupting the 

association with eIF4E (which bind mRNA) preventing the formation of the 

complex and inhibiting the eIF4F activity (Flint et al. 2009; Cameron et al. 2011; 

Krausslich et al. 1987). The 2B and 2BC are associated with host cytoplasmic 

membranes to generate viral replication organelles (VROs) (Cho et al. 1994; 

Suhy et al. 2000). The 2C or cis-acting replication element (cre) is responsible for 

the catalyzing the uridylylation of VPg and servers as the template for 3Dpol 

(Sean and Semler 2008). The P3 proteins are mainly involved with activities 

required for viral genome replication. Protein 3AB can remodel viral RNA and 

stimulate the activity of the RNA-dependent RNA polymerase (RdRp), or 3Dpol. In 

addition to the processing activities previously mentioned, protein 3CDpro is 

critical for the formation of the replication complex, priming viral RNA synthesis 

(Andino et al. 1990; Cornell and Semler 2002). The 3A protein interacts with 

cytoplasmic membranes and interferes with the host secretory pathway. The 3B 

or VPg is linked to the 5’end of the viral RNA + and – strand and is necessary for 

viral RNA replication (Cornell and Semler 2002). 

Viral Replication Mechanism 

 Viral RNA replication begins with the translation of the viral proteins 

involved in this process (2A, 2BC, 2B, 2C, 3AB, 3A, 3B, 3CD, 3C, and 3D) (Sean 

and Semler 2008). This process requires host intracellular membranes from 

where viral proteins build platforms to assemble the replication machinery. These 



platforms are called viral replication organelles (VROs) and viruses replicate the 

RNA in the cytosolic leaflet of the VRO membranes (Denison 2008; Miller and 

Krijnse-Locker 2008). VRO membranes can originate from different host 

intracellular compartments for example picornavirus, flavivirus, and coronavirus 

from endoplasmic reticulum (ER), Golgi apparatus, and trans-Golgi network 

(TGN) (Schlegel et al. 1996), while togavirus and nodavirus from endosomes, 

lysosomes, and mitochondria (Magliano et al. 1998). The VROs for CV and PV 

start appearing at 3hr post infection and by 7hr post infection the host cell 

cytoplasm is almost completely filled with VROs. VROs measure approximately 

50-400 nm in diameter and have a compact or rosette-like shape (Schlegel et al. 

1996; Cho et al. 1994). 

Coxsackievirus and PV replication process can be divided into 2 basic 

steps: 1) the synthesis of the complementary negative RNA strands to be used 

as template for positive strand RNA synthesis, and 2) the synthesis of new 

genomic positive RNA strands to be used for translation into more viral proteins, 

serve as template for more negative strand RNA synthesis, or for encapsidation 

into new infective virions. 

The negative strand RNA synthesis process begins with the formation of 

the ribonucleoprotein (replication) complex that is made of the host Poly (rC) 

binding protein 2 (PCBP2) and the viral 3CD protein bound to the 5’ cloverleaf 

structure. Since the RNA dependent RNA polymerase (RdRp) reaction takes 

place in a 5’ to 3’ direction, the positive strand RNA template circularizes and the 

5’ replication complex is able to associate with the host Poly A binding protein 1 



(PABP1) that is bound to the 3’ polyA segment of the RNA template (Herold and 

Andino 2001; Parsley et al. 1997). This association allows the transfer of the 5’ 

replication complex to the 3’ end of the positive strand RNA template. At the 3’ 

end of the template, the viral 3Dpol catalyzes the uridylylation of the viral VPg (3B) 

protein using as a template the viral 2C protein also know as the cis-replicating 

element (cre) (Paul et al. 2000). Uridylylation of VPg is the first step in 

synthesizing the new RNA strand because it serves as the primer for the RNA 

polymerization reaction. After uridylylation of VPg, the 3Dpol begin to synthesize 

and elongate the negative strand RNA until it reaches the 5’ end of the template, 

producing a double stranded RNA intermediate called the replicative form (RF). 

The RF will be separated during positive strand RNA synthesis. The negative 

strand of the RF is left on the VRO membranes as template for positive RNA 

synthesis (Mueller et al 2005; Sean and Semler 2008). 

The positive strand RNA synthesis is also initiated with uridylylation of the 

VPg with cre as the template in the same way as for the negative strand 

synthesis (Goodfellow et al 2003). As the RF RNA is separated into positive and 

negative RNA strands, the replication complex containing the uridylylated VPg is 

recruited to the 3’ cloverleaf structure of the negative strand RNA template where 

the uridylylated VPg anneals to the adenines on the polyA tail. Then the 3Dpol 

starts the polymerization and elongation reaction until it reaches the 5’ end of the 

negative strand RNA template (Sean and Semler 2008). During viral infection, 

the ratio of positive to negative RNA strand is 40:1 because multiple positive 

RNA strands are being synthesized from 1 negative RNA template, producing a 



multi-partial double strand RNA form known as the replicative intermediate (RI) 

(Giachetti and Semler 1991; Novak and Kirkegaard 1991). 

Host Cell Secretory Pathway 

 As stated earlier, one of the requirements of viral replication is the 

formation of the VROs from host intracellular membranes. In the case of CV and 

PV, the ER, Golgi, and TGN are the source of these viral structures; and these 

organelles are a very important component of the host cell secretory pathway, 

(Hsu et al. 2010). The main function of the secretory pathway is to transport and 

modify newly synthesized proteins that will be secreted out of the cell or that will 

be used inside the cell, (Alberts et al. 2002). In addition to this general function 

each of these specialized intracellular compartments has its specific function that 

assists in maintaining membrane composition and stability such as processing 

proteins that will be part of the different compartments in the cell, or maintaining 

lipid levels by synthesizing or storing them, (Alberts et al. 2002). The path 

includes transport from the ER to Golgi in COPII coated vesicles that leave the 

ER through the ER exit sites. Once in the Golgi, proteins, lipids, and other cargo 

are sorted and transported between Golgi compartments and secretory vesicles 

or the plasma membrane in COPI coated vesicles or to lysosomes in clathrin 

coated vesicles as part of the anterograde transport. Cargo in the Golgi that has 

escaped or that needs to be returned is packed and transported in COPI vesicles 

as part of the retrograde transport, (Alberts et al. 2002). 

Regulation of membrane and protein trafficking through this path is carried 

out by a group of proteins called the secretory pathway proteins. Among them, 



the most critical are the small GTPases and their effectors. ADP-ribosylation 

factor 1 (Arf1) is part of the family of small GTPases and is a master regulator of 

Golgi transport. Small GTPases are molecular switches that cycle between an 

active ATP bound (membrane anchored) state that bind to effectors for 

downstream signaling, and an inactive GDP bound (cytosolic) state. The switch 

between its inactive to active state is facilitated by a guanine nucleotide 

exchange factor (GEF) that helps dissociate GDP to bind GTP; and between its 

active to inactive state is facilitated by GTPase activating protein (GAP) that 

stimulates the hydrolysis of GTP to GDP (Cherfils and Zeghouf 2013). In its 

active state, which is catalyzed by Golgi-specific brefeldin-A-resistant factor 1 

(GBF1) GEF, Arf1 localizes to ER, ER-Golgi intermediate compartment (ERGIC), 

and Golgi apparatus (Altan-Bonnet et al. 2004; Niu et al. 2005; Garcia-Mata and 

Sztul 2003; Kawamoto et al. 2002; Zhao et al. 2002). Arf1 recruits different 

effectors to the membranes. Among these effectors are the COPI coat complex 

responsible for coating the vesicles that will bud out of the Golgi, the clathrin coat 

complex responsible for coating the vesicles that will bud out of the TGN, and 

lipid modifying enzymes such as phosphatidylinositol 4 kinase type IIIβ (PI4KIIIβ) 

which catalyzes the production of phosphatidylinositol-4-phosphate (PI4P) lipids 

(Altan-Bonnet et al. 2004; Godi et al. 1999). 

Host Endocytosis 

Endocytosis is a process used by cells to internalize a diversity of 

molecules. The major endocytic pathways in mammalian cells can be grouped as 

the clathrin mediated endocytosis (CME) and the clathrin independent 



endocytosis (CIE) pathways. The CIE pathways can be constitutive or triggered 

by specific signals and are different in their formation, associated machinery, and 

cargo destination (Mayor and Pagano 2007; Mayor, et al. 2014; Mousavi et al. 

2004; Merrifield and Kaksonen, 2014). 

Clathrin mediated endocytosis is characterized by the formation of 

clathrin-coated structures, pits and vesicles, responsible for selective uptake of 

cargo from the plasma membrane. Its main components are clathrin, adaptor 

protein 2 (AP2), and dynamin. The major component is the coat protein clathrin 

that is made of 3 heavy chains and 3 light chains forming a 3-legged structure 

called a triskelion, which is the basic unit of the clathrin coat. Triskelions 

assemble on the cytosolic surface of the plasma membrane into basketlike 

convex hexagonal and pentagonal structures termed clathrin-coated pits (CCPs). 

The most important clathrin adaptor, AP2, is a heterotetrameric adaptor protein 

complex composed of 4 subunits (α, β2, μ2, and δ2); and it is in charge of linking 

clathrin to the plasma membrane and binding to specific cargo in the CCPs. The 

accessory protein dynamin is high molecular weight GTPase that is recruited to 

the neck of deeply invaginated CCPs where it is responsible for pinching off the 

clathrin-coated vesicles (CCVs) by a cycle of oligomerization and GTP hydrolysis. 

CCVs are uncoated very soon after scission by the cytosolic chaperone heat-

shock cognate protein 70 (Hsc70) (Merrifield and Kaksonen, 2014; Mousavi et al. 

2004; Kirchhausen et al. 2014). 

All the CIE components, its mechanism, and regulation have not been 

identified as well as the CME counterparts. This field is an emerging research 



topic that has been rapidly growing with the development of new tools but there 

is still a lot to be elucidated. At present, the CIE pathways can be divided into two 

groups according to their requirement for dynamin and coat proteins. The first 

CIE group consists of the dynamin dependent (DD-CIE) pathways, (Mayor and 

Pagano 2007). One of these pathways is dependent on the coat forming protein 

caveolin and the GTPase protein dynamin. It is characterized for the formation of 

caveolae, plasma membrane invaginations, coated with a complex of caveolin-1, 

caveolin-2, and cavins. Dynamin is localized to the neck of caveolae. This 

pathway has been linked to the uptake of glycosylphophatidylinositol-anchored 

protein aminopeptidase-P (GPI-AP). An additional DD-CIE is the RhoA 

dependent pathway. This pathway is also dependent on dynamin and no coat 

protein has been identified. It has been linked to the uptake of many cytokine 

receptors such as interleukin 2 (IL-2) and IL-15 receptors, and the amyloid 

precursor protein (APP) (Mayor and Pagano 2007; Mayor, et al. 2014). 

The second CIE group includes the dynamin and coat independent 

pathways. It is characterized for the absence of dynamin and both coat-forming 

proteins, clathrin and caveolins. One of these is the CLIC/GEEC pathway 

characterized by the internalization of proteins such as GPI-APs and CD44 into a 

specialized early endosomal compartment that contains a major fraction of the 

internalized fluid phase. These compartments are called GEEC for GPI-AP 

enriched early endosomal compartment, and since they result from the fusion of 

the primary clathrin independent (CI) tubulovesicular carriers named CLICs (for 

CI carriers), hence the name of CLIC/GEEC pathway or CG pathway. Another is 



the Arf6 pathway it has been associated with the uptake of proteins involved in 

nutrient transport (Glut1, CD98, Lat1), matrix interaction (CD44, CD147), immune 

function (MHC1, CD1a), and GPI-APs (CD55, CD59). The Arf6 pathway is 

dependent on cholesterol. Soon after internalization, CIE endosomes fuse 

homotypically and heterotypically with CME endosomes into Rab5-positive early 

endosomes or Rab5, PI3P, and EEA1 sorting endosomes (Mayor and Pagano 

2007; Mayor, et al. 2014). 

Host Recycling 

 The endocytosis process leads to the converging of cargo in the early 

endosomes from where the cargo can be sorted and can follow one of 2 fates: 1) 

cargo can be recycled to the same plasma membrane domain, or to a different 

plasma membrane domain known as transcytosis such as is the case in 

polarized cells; or 2) can be transported to other compartments or degraded in 

lysosomes such as the epidermal growth factor (EGF) and its receptor. During 

the recycling process, the receptor alone or both the ligand and the receptor can 

be sent back to the plasma membrane. For example, the low density lipoprotein 

(LDL) receptor dissociates from its ligand and buds off the early endosome to 

merge with the recycling endosomes that will be responsible for recycling the 

receptor back to the plasma membrane, while its ligand LDL is sent to lysosomes. 

On the other hand, the transferrin receptor (TfnR) and ligand complex follow the 

same path as the LDL receptor but the receptor/ligand complex is recycled back 

to the plasma membrane after releasing the bound iron in the early endosomes 

(Alberts, et al. 2002).  



Thesis Project Introduction 

Many +ssRNA viruses, including enteroviruses, remodel host membranes 

to form platforms with unique protein and lipid components to assemble 

replication complexes and synthesize new viral RNA often on the cytosolic leaflet 

of these membranes (Miller and Krijnse-Locker 2008). Coxsackievirus and 

poliovirus highjack important components of the secretory pathway such as Arf-1 

and GBF-1 (GEF for Arf-1) and are required for enteroviral RNA replication 

(Belov, et al. 2007; Lanke, et al. 2009). 

Our lab previously demonstrated that Coxsackievirus B-3 (CVB-3) and PV 

selectively recruit Arf-1 and GBF-1 over other components of the COPI complex, 

such as clathrin, (Hsu, et al. 2010). In addition through immunofluorescence and 

co-immunoprecipitation studies, PI4KIIIβ was found not only present in the VROs 

but associated with proteins from the viral replication complex, 3A, 3AB, 3CD, 

and 3Dpol, (Hsu, et al. 2010). Concomitant with this, the expression in Hela cells 

of viral 3A-myc alone enhanced the selective recruitment of PI4KIIIβ (over 

PI4KIIIα) and caused the disassembly of the Golgi apparatus in a similar manner 

as viral infected cells. The PI4KIIIβ activity was also found to be responsible 

specifically for viral RNA synthesis, (Hsu, et al. 2010). Since PI4P lipids result 

from the activity of PI4KIIIβ, we tested to see if this lipid was part of the VROs. 

We found that VRO membranes are enriched in PI4P lipids, (Hsu, et al. 2010). 

Furthermore, we confirmed by lipid binding assays the specific and preferential 

binding of PI4P lipids to the viral protein 3Dpol, (Hsu, et al. 2010). Based on these 

findings, the model for the reorganization of the secretory pathway in enteroviral 



infections is that membrane-bound enteroviral 3A proteins bind and modulate 

host proteins Arf-1 and GBF-1 to enhance the recruitment of PI4KIIIβ to 

membranes where it will catalyze the production of PI4P lipids, leading to the 

biogenesis of a PI4P lipid enriched microenvironment. This lipid 

microenvironment in turn promotes the recruitment and stabilization of the RdRp 

3Dpol from the cytosolic pool to the membranes. Viral RNA synthesis initiates on 

the cytosolic leaflet of the VROs after integrating 3Dpol to the viral replication 

complex made of 3A and other viral proteins, (Hsu, et al. 2010). 

The detection of PI4P lipids on the VROs motivated us to investigate 

further the lipid composition of these exclusive organelles. We hypothesize that 

enteroviruses highjack the cellular CME and endosomal recycling to uptake and 

redistribute cellular plasma membrane cholesterol to VROs where it is necessary 

for viral protein processing. Therefore, the aims of this project are: 1. To identify if 

other host cellular lipid(s) are critical for viral replication. 2. To identify the host 

components and mechanisms that the virus can manipulate to incorporate the 

lipid into the VROs to achieve successful replication. 3. Finally, using various 

high-resolution microscopy techniques we want to investigate the dynamics and 

the spatio-temporal distribution of these lipids and protein components, in 

enteroviral infected cells. 

  



CHAPTER 2 

Materials And Methods 

Plasmids and Antibodies 

We are greatly thankful to the following labs for providing the following 

reagents: Plasmids: Arf1-GFP (Jennifer Lippincott-Schwartz, National Institutes 

of Health [NIH]), Clathrin-mRFP, and Rab5-mRFP (Mark McNiven, Mayo Clinic) 

FAPP1-mRFP (Tamás Balla, NIH), Rab11A-wt-RFP (Wei Guo, University of 

Pennsylvania), Rab11B-wt-pEYFP (Mikhail Khvochtchev, UCSF), Rab7A-

mcherry (Nan Gao, Rutgers University) 2BC-GFP (Lindsay Whitton; The Scripps 

Research Institute, CA), Rab11A-mRFP (Alexis Gautreau, CNRS, France) 

Farnesyl-RFP (Julie Donaldson, NIH), Transferrin receptor with super ecliptic pH 

luorin (TfnR-phl) (C. J. Merrifield, Laboratoire D’enzymologie Et Biochimie 

Structurales, France). All plasmids were transfected to one-day-old cells using 

FuGENE6 Transfection Reagent (Roche, IN) and incubated for 24hours at 

37°C/5% Carbon Dioxide (CO2).  

Replicons: Coxsackievirus B3 replicon pRib-Rluc (Frank van Kuppeveld; 

Nijmegen Institute for Infection, inflammation and Immunity, Netherlands), 

Poliovirus replicon pXpa-RenR encoding for Renilla Luciferase gene was 

described previously (Belov, 2007), Luciferase T7 control DNA and Live cell 

Renilla substrate Endu-Ren (Promega Corp., WI). 

Primary antibodies against host proteins: PI4KIIIβ (Millipore, MA), Rab11A 

(Invitrogen Corp. CA), Rab11B, Clathrin Heavy Chain (Cell Signaling, MA), Rab5, 

RhoA, Dynamin II, HIP1R, Cav1, Cav2 (BD Biosciences, CA), Rab8, β-actin, and 



TGN46 (Sigma, MO), NPC1L1, ADRP, AP2M1, Rab11FIP5, clathrin light chain 

(Abcam, MA), PI4P mouse monoclonal IgM (Echelon Biosciences, UT), GAPDH 

(Santa Cruz Inc., CA), EPS15L1 (OriGene, MD), LDL Receptor (Novus 

Biologicals, CO), TfnR (Luise Green, NIH), HMG-CoA Reductase (Dr. Simoni, 

Stanford University). 

Primary viral antibodies: J2-dsRNA monoclonal antibody (English and 

Scientific Consulting Bt., Hungary), CVB3-3A protein (J. Lindsay Whitton, Scripps 

Research Institute), Poliovirus 3AB and 3D (Greg Cameron, Pennsylvania State 

University), Poliovirus 3A and 2C (Dr. Ellie Ehrenfeld, NIH), HRV2-3C (Dr. 

Svetlana Amineva, University of Wisconsin, Madison, WI). 

Secondary antibodies: Horseradish Peroxidase conjugated goat anti-

mouse and anti-rabbit secondary antibodies (Thermo Scientific), donkey anti-

goat (Santa Cruz Inc., CA). Fluorescently labeled secondary antibodies anti-

mouse, rabbit, and chicken (Invitrogen Corp. CA; Jackson Immunoresearch Labs 

Inc., PA). 

Chemicals and Reagents 

Bovine serum albumin (BSA) and Paraformaldehyde (PFA) (Fisher Scientific, 

PA), Formaldehyde (FA) Methanol Free (Electron Microscopy Science) 

Nonessential Amino Acids, Penicillin/Streptomycin (P/S), Dulbecco’s Modified 

Eagle’s Medium (DMEM), and Eagle’s Minimal Essential Medium (EMEM) 

(Mediatech, VA), Heat Inactivated Fetal Bovine Serum (HIFBS) (Atlas Biologicals, 

GA), Neomicyn/G418 (Sigma, MO), Lovastatin (Enzo Life Sciences Inc., NY), 

Ezetimibe (Santa Cruz Inc., CA), PIK93 (Symansis, Auckland New Zealand), 



Filipin III (Cayman Chemical, Michigan; Sigma, MO), Filipin, Mevalonate, Methyl-

β-cyclodextrin (MβCD), Dynasore, Chlorpromazine Hydrochloride, Nile Red, and 

Saponin (Sigma, MO), Amplex Red cholesterol kit and BODIPY Low Density 

Lipoprotein from Human Plasma FL complex (LDL) (Invitrogen Corp., CA), Top 

Fluor (BODIPY) cholesterol 23-dipyrrometheneboron difluoride-24-norcholesterol 

(Avanti Polar Lipids Inc., AL), Fluoromount (Electron Microscopy Science), 

Prolong Gold mounting media (Invitrogen, Corp. CA), AM4-65 dye (Biotium Inc., 

CA), restriction enzymes (New England Biolabs, MA). 

Cell Culture and Virus Propagation 

Cell Lines: HeLa cells (ATCC, VA) were maintained in DMEM 

supplemented with 10% HIFBS, 2mM L-glutamine, 1% P/S at 37°C/5%CO2. 

HeLa-Ohio (Sigma, MO) and Vero cells (ATCC) were maintained in EMEM 

supplemented with 10% HIFBS, 1X non-essential amino acid, and 100 μg/ml 

Penicillin/ Streptomycin. Human Fibroblasts (GM03652) from healthy donor, 

NPC1 (GM03123 and GM23162), and NPC2 (GM18455 and GM17910) mutant 

fibroblast cells were facilitated from Coriell Institute of Medical Research, NJ; 

fibroblasts were maintained in EMEM containing Earle’s Salts and Nonessential 

Amino Acids supplemented with 15% FBS at 37°C/5%CO2. Clathrin-RFP 

expressing Hela (CRSH) cells were established and maintained in DMEM 

supplemented with 10% HIFBS, 2mM L-glutamine, 1% P/S, and 0.5 mg/ml G418 

at 37°C/5%CO2. 

Virus Strains: Human Rhinovirus- 2 (Cat#: VR-482) and Human 

Echovirus-11 Gregory strain (Cat#: VR-41) were purchased from ATCC. CVB-3 



Nancy strain was a gift from Dr. Frank van Kuppeveld, Netherlands. Poliovirus-1 

Mahoney strain was a kind gift of Dr. George Belov, University of Maryland. To 

generate viral stocks of HRV2, 95% confluent HeLa-Ohio cells were infected and 

incubated at 34°C/5%CO2 for 3 days. To generate CVB3 and PV viral stocks, 

confluent HeLa cells were infected with the appropriate virus and incubated at 

37°C/5%CO2 for 24 hrs.  To propagate echovirus, 90% confluent Vero cells were 

infected and incubated at 37°C/5%CO2 for 7 days in CCM but supplemented with 

2% FBS. All infected cells underwent freeze-and–thaw cycle 3 times, cell debris 

was removed by centrifugation at 2,000 rpm for 5 min at room temperature, 

supernatant was collected and stored at -80°C. Virus titter was determined by 

plaque assay, a typical MOI of ~10-30 viral particles per cell was obtained. 

Cell Viability Quantification 

Optimal plasmid expression times, siRNA concentrations, siRNA 

incubation times, drug concentrations and respective incubation times that 

maximize cell viability were assessed by quantifying cell number and by 

CellTiter-Glo cell viability assays (Promega Corp, WI). Plasmid concentration 

range tested was 0.1μg/μl-1μg/μl; and siRNA concentration range tested was 

25nM-100nM. 

Imaging and Analysis 

Microscopes: Imaging was performed on a Zeiss LSM510 or LSM780 

Confocal Laser Scanning microscopes (Carl Zeiss, USA); the microscopes were 

equipped with a heating stage and incubator with temperature, humidity, and 



CO2 control for live-cell imaging. Some samples that required UV excitation were 

imaged on a Nikon Eclipse TE200 Epifluorescence microscope (Nikon Inc.). 

Cells for live imaging were grown on coverslip-bottomed Lab-Tek chambers 

(Thermo Fisher, NY) and during the experiment, cells were maintained in 

imaging media (DMEM Phenol Red free supplemented with 10% HIFBS and 25-

50mM HEPES pH 7.3), termed complete imaging culture media (CICM). Cells for 

fixed samples were grown on glass coverslips, processed according to 

experimental requirements, and mounted on glass slides. All obtained images 

were analyzed with Zeiss LSM/Zen or ImageJ software. 

Immunofluorescence: Cells were plated on coverslips, fixed with 3.7% FA 

or PFA solution in 1xPBS for 10 minutes at RT (30 minutes for lipid fixation), and 

then washed 3 times with 1xPBS. Primary antibodies were diluted (1:25-200) in 

incubation buffer (0.2% Saponin; 1% BSA; in 1xPBS), for PI4KIIIβ (0.2% 

Saponin; 10% FBS; in 1xPBS), and incubated for 1 hour at RT; then rinsed 3 

times 5 minutes each with 1xPBS. Fluorophore tagged secondary antibodies 

were diluted (1:500-1000), incubated for 1 hour at RT followed by rinsing the 

same way as with the primary antibodies. 

Fluorescence Quantification and Statistical Analysis: To quantify the 

relative fluorescence of the target structures, Regions of Interest (ROI) were 

selected for the target areas (ROIt) and for background areas (ROIb) in target 

and control cells. The mean fluorescence intensity of the ROIs was obtained with 

ImageJ software. The percent mean fluorescence intensity was obtained with the 

following formula [(ROIt)-(ROIb)targetcell/(ROIt)-(ROIb)controlcell] *100, and calculated 



for an average of 40 to 50 cells per condition. Plotted data were normalized to 

control values. Standard errors and p-values were calculated with KaleidaGraph 

software (Synergy Software; Reading, PA) using the Student t-test for unpaired 

data with equal variance function. We statistically assessed the degree of 

colocalization between two components using a classical Pearson’s Correlation 

Coefficient for the image intensity in the red and green channels using the 

following formula (r=n(Σxy) – (Σx)(Σy) / √[nΣx2 – (Σx)2] [nΣy2 – (Σy)2]), (Bolte and 

Cordelieres 2006). 

Total Internal Reflection Fluorescence (TIRF) Imaging and Analysis: Cells 

were seeded in 35mm bottom glass dish (MatTek Corp. Ashland, MA) and 

incubated at 37°C/5%CO2. After the required treatments, cells were imaged in an 

ELYRA PS.1 super resolution microscope (Carl Zeiss, USA) equipped with: 1) A 

100x Plan Apochromat oil immersion lens with numerical aperture of 1.46 with 

TIRF capabilities. 2) A heated stage and incubator with temperature, humidity, 

and CO2 control for live-cell imaging. Images were taken at continues scan mode 

for 30 seconds (~10 frames/sec) every 30 minutes for 4 hours; or one image 

every 5 minutes for 4 hours. Images were processed into movies and analyzed 

using Zen Black software (Carl Zeiss, USA). Individual images were analyzed for 

colocalization measurements, and quantification of independent endocytic and 

exocytic events by marking them starting from the appearance of a vesicle at the 

plasma membrane until it is internalized and disappears from the field of view 

(endocytosed); or from when the vesicle appears at the plasma membrane until 

the vesicle membrane fuses with the plasma membrane and the fluorescence 



disperses in the immediate area adjacent to the vesicle fusion location (recycled). 

Lipid Assays 

Lipid Loading: Top Fluor (Bodipy) cholesterol powder was dissolved in 

chloroform; solvent was evaporated using argon or nitrogen gas to yield the lipid 

film. MβCD was dissolved in sodium phosphate (NaCl/Pi) buffer (8 mM Na2HPO4; 

1.5 mM KH2PO4; 137 mM NaCl; 2.7 mM KCl, pH 7.2) and then added to the thin 

film of sterol at a molar ratio of Sterol:MβCD (1:10). Solution was incubated 

overnight in a rotator at RT, and then sonicated in ice for 20 minutes in a water 

bath sonicator, and centrifuged at 14,000 rpm for 5 minutes before aliquoting 

under oxygen-free conditions. The complex was added to cells at 10-20μg/ml 

concentration in serum free (SF) DMEM for 5 minutes at 37°C/5%CO2; and 

further incubated in CCM for additional 20 minutes. 

Lipid Staining: Nile Red fluorescent stain was used for the detection of 

intracellular lipid droplets. In live cells, Nile red was incubated at 0.5 μg/ml 

solution in SFM for 5 min at 37°C/5%CO2. Cells were washed and imaged with 

CICM. For fixed samples, cells were incubated with 0.5 μg/ml Nile Red solution in 

1xPBS for 10 min at room temperature (RT), rinsed once, and mounted. Filipin III 

fluorescent stain was used for the detection of intracellular cholesterol. Filipin III 

was diluted in DMSO under oxygen free conditions. Cells were fixed with 3.7% 

FA or PFA in PBS for 30 minutes at RT, washed 3 times in 1xPBS, and 

incubated with 50 μg/ml Filipin III (diluted in1xPBS supplemented with 10% 

HIFBS) for 30 minutes at 37°C, followed by three washes with 1xPBS. In fixed 



samples, Filipin III and Nile Red staining was performed as the last step before 

mounting. 

Bulk Cholesterol Quantification: Cholesterol levels were determined in 

HeLa cell extracts using Amplex Red Cholesterol assay (Invitrogen Corp.). Cells 

were harvested, resuspended in the 1x Amplex Red reaction buffer containing 

Halt Protease Inhibitor Cocktail (Thermo Scientific), and passed 20 times through 

a 25-gauge needle fitted to a syringe. The lysates were additionally sonicated 

twice for 10 seconds using a Qsonica XL-2000 misonix sonicator, and 

centrifuged for 5 minutes at 14,000 rpm. Protein concentration was measured 

and samples were diluted to equal amount of protein. Total cholesterol and 

cholesterol ester content was determined by incubating 50ml of cell extract 

containing 20mg of protein with 50ml Amplex Red assay reagent in the presence 

or absence cholesterol esterase for 30 minutes at 37°C in the dark. Fluorescence 

was detected with a HT Multi-Well Plate Reader (BioTek, VT) at 535 nm 

excitation and 595 nm emission wavelengths. Cholesterol content was calculated 

using a standard curve. 

Cholesterol Biosynthesis: HeLa cells were seeded at 50,000 cells/well in a 

6-well plate and 48h after transfected with siRNAs for 48 hours. After 48 hours of 

transfection the culture medium was changed to SFM medium supplemented 

with 2μCi/ml of Acetic Acid Sodium Salt [1,2-14C] ([14C]) (Perkin Elmer Health 

Sciences Inc., CT) and incubated for 3 hours at 37°C. For the cholesterol 

biosynthesis experiment in infected cells the cells were infected with CVB3 or 

mock virus in complete medium and 2μCi/ml of [14C] was added immediately. 



The cells then remained with the isotope containing media for 2 hours, 4 hours or 

6 hours. After incubation the cells were washed with ice-cold 1xPBS over ice, 

and lipids were extracted by adding Hexane:Isopropanol (3:2; v/v) to cell 

monolayers 2 times for 30 minutes each. The solvent in the organic phase was 

evaporated to dryness under a nitrogen stream at RT. The lipids were 

redissolved in hexane and sonicated in a water bath sonicator. To evaluate the 

incorporation of labeled acetate into cellular sterols, lipid extracts and known 

standards were spotted on Silica Gel G TLC plates and developed using a 

nonpolar solvent system (hexane/diethyl ether/acetic acid, 70:30:1; by volume) to 

separate the lipid classes. Then the plates were dried. For [14C]-labeled lipids, 

the TLC plate was exposed to a phosphorimager screen, and the percent of total 

lipid extract radioactivity present in each lipid class was analyzed using Storm 

840 phosphorimager software. 

Lipid extraction: In Triton X-100 extraction experiments, live cells were 

cooled over ice, washed in ice cold 1% Triton X-100 diluted in 1xPBS and 

incubated for 20 minutes, then washed in 2% FA diluted in 1xPBS; finally, fixed 

for 30 min in PFA and stained with Filipin III. Cholesterol depletion was carried 

out by incubating cells in the presence of 10mM MβCD, diluted in serum free 

DMEM, for 1 hour at 37 °C/5%CO2. After incubation with MβCD, cells were 

washed with serum free DMEM once, and replicon assay was performed without 

serum in both control and MβCD treated cells. 

LDL Uptake: BODIPY-LDL was added to control and infected cells (time 

zero of infection) at a concentration of 20μg/ml in complete culture media and 



incubated at 37°C/5%CO2 for the required amount of time, 2 or 4 hours. After 

each time point, cells were quickly rinsed with media before confocal imaging 

and intracellular fluorescence quantification. 

AM4-65 Uptake 

Dye was dissolved to a 10mM stock solution with sterile ddH2O, and 

stored at -20°C. During experiments, HeLa cells were transfected with 2BCGFP 

plasmid using Fugene6 reagent, according to manufacture protocol, and 

incubated at 37°C/5%CO2 overnight. Transfected cells were then incubated over 

ice with 5μM AM4-65 dye, in SFM; cultures were then rinsed twice with SFM, and 

further incubated in SFM at 37°C/5%CO2 for 20 minutes. When needed, cultures 

were pre-treated with 80μM Dynasore, diluted in CCM, for 3 hours at 

37°C/5%CO2; and maintained in Dynasore solution, diluted in SFM, after the dye. 

Cells were then fixed in 2% paraformaldehyde for 5 minutes at room temperature. 

Coverslips were mounted and imaged in a confocal microscope. 

siRNA Transfection 

On-Target plus siRNAs non-targeting, AP2A1, AP2A2, AP2B1, AP2M1, 

ARF6, clathrin B, CAV1, CAV2, DAB2, DNM2, EPS15L1, Rab11FIP5, HIP1, 

HIP1R, RAB5A, RAB11A, and Rab11B were purchased from Dharmacon, CO; 

PI4KIIIβ siRNA was purchased from Qiagen, CA. Cells were seeded 1-2 days 

before siRNA transfection as follows: in 96-well plates for the replicon assay; in 

12-well plates for Western Blot analysis to verify gene knockdown efficiency; and 

on coverslips for immunofluorescence imaging. 50nM of each siRNA was 



transfected to cells via Dharmafect 1 (Dharmacon, CO) following manufacturer's 

recommendations. Transfected cells were incubated for a period of 48 hours at 

37°C/5%CO2. PI4KIIIβ was depleted from cells by triple knockdown in HRV2 

experiments. HeLa-Ohio (HeLa cell line that express the rhinovirus receptor) 

cells were infected with HRV2 and incubated for 1 hour at 34°C/5%CO2. Virus 

was then washed off and cells were transfected with the first siRNA treatment. 

Transfected cells were incubated at 34°C/5%CO2 for 12 hours. After that, siRNA 

media was replaced with fresh CCM and incubated for an additional 8 hours 

before the second siRNA treatment. The same procedure was followed for the 

second and third siRNA treatments. 

Replicon Assays 

Viral RNA replication was measured with pRib-Ruc (CVB3) or pXpA-RenR 

(PV) plasmids with Renilla Luciferase gene as reporters in place of structural 

genes. Plasmids were linearized with SalI or EcoR1 and transcribed using 

MEGAscript (Ambion, Life Technologies, NY). RNA transfection and Renilla 

Luciferase measurement was performed as described [Hsu, 2010]. The total cell 

count was normalized using CellTiterGlo (Promega Corp., WI) in a parallel plate 

to adjust for differences in growth among different conditions. All measurements 

are an average of 4-6 wells in 2-4 independent experiments. Capped Firefly 

Luciferase mRNA containing a poly-A tail was used for control of RNA 

transfection and translation efficiency. Luciferase T7 control DNA was ScaI 

linearized, transcribed using mScript mRNA production System (Epicentre 

Biotechnologies, WI), and lastly capped and transfected into cells via Mirrus 



TransIT-mRNA transfection kit (Mirrus, WI) for 6-8 hours. The cells were washed 

with 1xPBS and lysed in lysis buffer (Corp., WI) and 2 freeze-and-thaw cycles. 

Firefly Luciferase activity was determined using Luciferase Assay System 

(Promega Corp., WI) according to the manufacturer’s protocol. The light emitted 

was measured using a BioTek Synergy 2 Luminescence Plate Reader. 

Drug Treatments and Analysis 

Cells were incubated in the presence of Lovastatin in concentration of 5, 

10 or 25mM and Mevalonate in concentration 250mM for 72 hours in cholesterol-

depleting medium in the presence of 5% LPDS. Lovastatin was converted to its 

active form as described previously (Morimoto 2006). Sodium Mevalonate was 

prepared from the Mevalonic acid lactone as described (Jeong 2008). Control 

cells were processed in parallel in the absence of Lovastatin or Mevalonate. After 

72 hours, cells were transfected with CVB3 or PV viral replicon RNA and 

measured for Renilla Luciferase. For HRV2 infection, cells were infected for 1 

hour; the medium removed and exchanged with cholesterol-depleting medium, 

as above, in absence or presence of drugs. Cells were harvested for immunoblot 

analysis 72 hours after infection. For Ezetimibe experiments, cells were vehicle 

treated or treated with drug at a concentration range of 1-30mM in complete 

DMEM for 1 hour before or 1 hour after viral RNA transfection. Dynasore stock 

solutions were prepared with DMSO in an oxygen-free environment. Cells were 

pretreated with 80μM Dynasore or treated 1 or 2.5 hours after viral RNA 

transfection. Chlorpromazine was added to cells at the indicated concentrations 

at the time of replicon RNA transfection. 



Western-Blot Analysis 

Cells were harvested in lysis buffer (50 mM Tris-HCl, pH 7.4, 1% NP-40, 

0.25% Na-deoxycholate, 150 mM NaCl, 1 mM EDTA) supplemented with a Halt 

Protease Inhibitor Cocktail and centrifuged for 10 min at 14,000 rpm at 4°C. 

Supernatant was mixed with Laemmli buffer including β-mercaptoethanol and 

heated at 98°C. A total of 10-30 μg of protein was loaded on a 10% SDS-

polyacrylamide gel and separated on an electrophoresis system (Bio-Rad, CA). 

Proteins were transferred to Hybond Nitrocellulose membranes (Amersham 

Pharmacia, NJ). Membranes were blocked with 5% milk in 1xPBS-T (1xPBS; 

0.05% Tween-20) for 1 hour and incubated overnight with selected primary 

antibodies and subsequently for 1 hour with horseradish peroxidase (HRP) 

secondary antibodies at dilution 1:10,000. Bound antibody complexes were 

detected with Super Signal West Pico Chemiluminescent Substrate (Thermo 

Scientific) visualized on Super RX X-ray film (FujiFilm) and quantified using 

GelPro32 software (NIH). Actin or GAPDH intensities were used to normalize 

protein expression levels. 

Immunoprecipitation 

Cells were scraped and suspended in ice-cold hypotonic lysis buffer 

(50mM KCl, 25mM HEPES, 1mM DTT, 1mM EDTA) or IP-lysis buffer (Thermo 

Scientific) supplemented with Halt Protease and PhosphataseArrrest (G-

Biosciences, MO) inhibitor cocktails. Suspended cells were broken up using a 

cell homogenizer (Isobiotec, Germany) or by vortexing for 30 seconds every 5 

minutes for 20 minutes over ice. Lysates were centrifuged at 14,000g for 10 



minutes at 4°C. Target proteins were immunoprecipitated overnight at 4°C with 

5μg of monoclonal or polyclonal antibodies. Lysates were then incubated with 

Protein-A or G magnetic beads (New England Biolabs, MA; Life Technologies) 

for 2 hours. Lysate was discarded, and beads bound to the proteins of interest 

were washed 3 times with lysis buffer with inhibitors. Precipitated proteins were 

suspended in loading buffer; and the pull down fractions were resolved by SDS-

PAGE and transferred to nitrocellulose membrane. Immunoblotting was 

performed using monoclonal or polyclonal antibodies. 

Rab11A Mutant Constructs 

Single and double point mutations to Histidine 130 and Leucine 131 into 

Alanine were incorporated into the wild type Rab11A amino acid sequence along 

with HA tag sequence for selection of positive clones. Sequences were 

commercially synthesized and cloned (Genewiz; South Plainfield, NJ) into the 

mammalian expression vector pcDNA 3.1(+) (Life Technologies) via BmaHI 

restriction site. Upon selection and purification of clones, mutant plasmid DNA 

was extracted and transfected into experimental and control HeLa cells. 

  



CHAPTER 3 

Cholesterol Is Part Of The Viral Replication Organelles 

 Cholesterol is a critical component of cellular membranes. Approximately 

80-90% of the total cellular cholesterol is associated with the plasma membrane, 

the rest in the recycling endosomes and TGN, and only ~1% in the ER (Lange 

1991; Mukherjee et al. 1998).  In addition, it regulates membrane permeability 

and fluidity; which is indispensable for proper assembly and function of 

membrane-based protein-lipid complexes. The biophysical properties of its 

structure, allows cholesterol to increase the packing of negatively charged 

adjacent lipids to form stable platforms to associate with the protein-lipid 

complexes (Alberts 2002; Ikonen 2008). 

RESULTS: 

Cholesterol Localizes to Viral Replication Organelles 

 In this chapter, we determined if cholesterol was part of the VROs. For this 

set of experiments, we seeded HeLa cells on coverglasses and infected them 

with 10MOI of each CVB-3, PV-1, Echovirus-11, or RV-2. Then cells were fixed 

at peak replication time and immunolabeled with antibodies against viral RNA, 

viral replication proteins (3A or 3AB), and/or endogenous PI4P lipids. We used 

filipin, a lipid stain that binds unesterified cholesterol and is fluorescent upon UV 

light exposure, to locate the unesterified cholesterol pool in uninfected and 

infected cells. Samples were imaged using a high-resolution confocal microscope. 



We found that in the uninfected control cells, cholesterol was localized 

mainly to the plasma membrane and to the perinuclear (Golgi/TGN) region of the 

cells (Figure 2A). Furthermore, endogenous PI4P lipids colocalized with the 

cholesterol pool (Figure 2A). In the CVB-3 and PV-1 infected cells at peak 

replication times, all VROs were enriched in both cholesterol and PI4P lipids, and 

that these lipids were colocalized with viral replication proteins 3A and 3AB 

(Figure 2B & 2C). We also wanted to know if these results were present in other 

+ssRNA viruses, so in addition to CVB-3 and PV-1, we looked at Echovirus-11 

and RV-2 that belong to the same genus. And we found that the distribution of 

cholesterol and PI4P lipids was the same as in CVB-3 and PV-1 infections, and 

that the lipids are in VROs, identified by viral RNA labeling (Figure 2D & 2E). The 

Pearson’s Coefficient of Colocalization in the viral proteins confirmed these 

results: for CVB-3 is 0.70±0.03 in n=10, and for PV1 is 0.79±0.04 in n=10. 

Viral Replication Organelles have Cholesterol Domains 

We then wanted to have a better spatial resolution of the organization of 

cholesterol and PI4P in the VROs since the size of these structures are at the 

limit of resolution with conventional diffraction limited microscopy (Belov et al. 

2013). Therefore, for the following experiment we used structured illumination 

microscopy (SIM) in live cells. SIM is achieved when the microscope takes an 

image at different angles (5 images on average at 60 degrees) around the 

structure creating a Moiré pattern or grid pattern, and through the Fourier 

Transform we can calculate the center (brightest spot) in the superimposed 

images, giving us the final processed image, which has a resolution of 



approximately 140nm in the x and y axis, and 250nm in the z axis (Gustafsson et 

al. 2008). 

Cells were seeded in LabTek bottom glass chambers and incubated 

overnight. Then, the cells were transfected with Four-phosphate-adaptor protein 

(FAPP) 1-mRFP construct and further incubated overnight. FAPP1 and 2 bind 

PI4P lipids and Arf, through its plekstrin homology (PH) domain (Godi et al. 2004). 

Therefore, we used FAPP-1 PH proteins, tagged with either GPF or RFP, as 

markers for the VROs since it has the same cellular distribution during infection 

as Arf1 and PIP4 lipids (Hsu, et al. 2010). For live cells it is not recommended to 

use filipin due to its cytotoxic effects; so to visualize the cellular cholesterol we 

used Bodipy-cholesterol. Bodipy-cholesterol has many advantages: 1) it is a 

fluorescent analog of cellular free cholesterol. 2) It can also be esterified as 

endogenous cholesterol. 3) It is suitable for live imaging.  4) It gets inserted into 

the plasma membrane and at steady state, it is trafficked among: plasma 

membrane, endosomal compartments, and Golgi/TGN (trans Golgi network) area, 

which are all the corresponding sites for endogenous cholesterol. 5) Finally, it is 

highly photostable (low photo bleaching with continues imaging) (Holtta-Vuori et 

al. 2008). We loaded cells with Bodipy-cholesterol according to the protocol in 

materials and methods, and infected the cells with CVB-3 for 4 hours. SIM 

images showed that the cholesterol in the replication organelles was not evenly 

distributed, but was organized in separate domains that vary in size from 100 to 

400 nm (Figure 2F). 

 



CONCLUSION: 

 Together the data from this chapter shows that cholesterol is present at 

viral replication organelles together with PI4P lipids proven previously to be 

critical for viral replication (Hsu et al. 2010). Additionally, we provided evidence 

that the cholesterol distribution to VROs is not limited to CVB and PV but within 

the picornavirus family of viruses, such as EV and RV. Finally, we show with 

super resolution microscopy techniques that the cholesterol distribution on the 

VROs is organized in discrete domains through out the entire surface of the 

organelles. 
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Figure 2. Enteroviral Replication Organelles are Enriched in Cholesterol 

and PI4P Lipids 

A. Free cholesterol (green) and PI4P lipid (red) distribution in control uninfected 

cells. Scale bar, 5μm. 

B. CVB-3 infected cells at peak replication time. VROs (3A red) are enriched in 

cholesterol and PI4P lipids (green). Scale bar, 5μm. 

C. PV-1 infected cells at peak replication time. VROs (3AB red) are enriched in 

cholesterol and PI4P lipids (green). Scale bar, 5μm. 

D. Rhinovirus-2 infected cells show that cholesterol and PI4P lipids (green) are 

in VROs (red), identified by viral RNA labeling. Scale bar, 5μm. 

E. Echovirus-11 infected cells show that cholesterol and PI4P lipids (green) are 

in VROs (red), identified by viral RNA labeling. Scale bar, 5μm. 

F. SIM image of CVB3 infected cell showing the domain distribution of free 

cholesterol (green) on PI4P lipid (identified by FAPP1-mRFP) rich VROs. 

Scale bar, 0.4μm.  



CHAPTER 4 

Free Cholesterol Is Necessary For Viral Replication And Viral Protein 

Processing 

 Until now we established that cholesterol is present at VROs, but now we 

wanted to know if cholesterol was required during viral replication. Cholesterol’s 

function during viral infection has been associated with its role in viral entry and 

antiviral immune response (Mackenzie et al. 2007; Mercer et al. 2010). In this 

chapter, we focus on investigating whether cholesterol has a role, other than 

virus entry, in viral infection by perturbing cholesterol levels in cells. 

RESULTS: 

Cholesterol Removal from Viral Replication Organelles Inhibits Replication 

We wanted to know if the cholesterol in the VROs was necessary for viral 

replication. In the following experiments we aimed to lower the cellular 

cholesterol levels by different approaches to assess the influence on virus 

replication. To bypass the effects of cholesterol disruption on viral entry, the 

experiments were performed with viral replicons, with the exception of RV-2. The 

viral replicons for CVB and PV used in this project are viruses in which the gene 

coding sequence for the structural proteins (P1 region of the virus genome) has 

been replaced for the Renilla luciferase gene, and the replication is assessed by 

the levels of luciferase expression in the cells (Belov et al. 2007; Lanke et al. 

2009). 



First, we lowered the levels of the intracellular pool of cholesterol and 

incubated cells in serum free media or in LDL-deficient media for 48 hours before 

transfection with CVB or PV replicons, or 1 hour after replicon transfection. We 

found that in both conditions viral replication was inhibited by 40% as compared 

to untreated controls (Figure 3A). Then we considered the possibility of the cell 

sensing the depletion of intracellular cholesterol and triggering biosynthesis to 

compensate. To test this possibility, cells were treated LDL-deficient media 

supplemented with lovastatin at 5, 10, or 25μM for 72 hours. Lovastatin is a 

competitive inhibitor of HMG-CoA in the rate-limiting step of the mevalonate 

pathway, blocking the de novo production of cellular cholesterol (Alberts 1988; 

Goldstein and Brown 1990). After the 72hr treatment, cells were transfected with 

CVB or PV replicons. And for RV cells were infected before addition of the LDL-

deficient/lovastatin media. After this treatment, we found that infection was 

inhibited up to 70% in a dose dependent manner compared to untreated controls 

(Figure 3B). 

Secondly, we analyzed the effects of lowering the level of cholesterol from 

the plasma membrane pool that, as I noted previously, makes up to 90% of the 

cellular cholesterol. To test this, we acutely treated cells with MβCD, which is a 

drug used to remove cholesterol from cellular membranes (Christian, et al. 1997), 

at 10mM concentration for 1hr before transfecting them with an RNA reporter in 

control cells, and CVB or PV replicons. This mRNA reporter is capped and 

polyadenylated and encodes a fluorescent protein, and was included in these 

project as a control for RNA transfection and translation efficiency. The effects of 



plasma membrane cholesterol depletion show inhibition of replication in both 

CVB and PV transfected cells. Furthermore, the inhibition was significantly 

rescued with the addition of exogenous cholesterol for 1 hour after the extraction 

assay was performed (Figure 3C & 3D). In addition, we found that viral 

replication organelle formation was inhibited (Figure 3E). For this experiment, we 

fixed samples under the same above conditions and immunolabeled with 

antibodies against either viral protein 3A or dsRNA, and stained the cholesterol 

pools with filipin. 

High Levels of Cholesterol Stimulate Viral Replication 

With the data from these experiments showing that cholesterol depletion 

inhibits viral replication, we wanted to find out what will be the effects of the 

opposite situation, where cellular cholesterol levels are high. For the following 

experiments, we selected as our model system Niemann-Pick type C (NPC) 

diseased cells. These cells come from patients suffering from Niemann-Pick 

disease and are characterized for the abnormal high levels of intracellular free 

cholesterol which is caused by the loss of function mutation in the NPC1 and/or 

NPC2 endosomal cholesterol transporter proteins that disrupts the export of 

cholesterol out of the endosomes while biosynthesis in the ER is unaffected 

(Rosenbaum and Maxfield 2011; Wang and Song 2012). Primary human wild 

type (NPC1wt and NPC2wt) and mutant (NPC1-/- and NPC2-/-) fibroblast cells’ 

phenotype shows the increased levels of cholesterol in the diseased cells as 

compared to wild type control cells (Figure 4A) were transfected with PV replicon 

or control reporter and assessed for replication efficiency. We found that in the 



mutant cells, there was an approximate 3-fold increase in replication compared to 

wild type cells (Figure 4B & 4C); and also a 3-fold increase in the amount of 

cholesterol at VROs (Figure 4D & 4E). Furthermore, acute MβCD treatment of 

mutant cells to lower the cholesterol pools inhibited replication by approximately 

60% compared to mock treated wild type cells (Figure 4F). This showed that the 

cholesterol was stimulating viral replication in these mutant NPC cells. 

Cholesterol is Critical in Viral Protein Processing 

Finally, we sought to identify in which way was cholesterol involved during 

viral replication and looked at the levels of viral proteins when cholesterol is 

disrupted.  Cells were pretreated with MβCD for 1 hour, or treated with filipin at 

3hr post infection; and lysates were collected for western blot analysis. Filipin has 

been widely used to sequester cholesterol at the plasma membrane (Nichols et 

al. 2001). We found that the proteolytic processing of viral 3CDpro in treated cells 

was stimulated by approximately 8-fold as compared to mock treated controls 

and was specific for 3CDpro, since no stimulation was evident in either 2BC or 

3AB processing (Figure 5A & 5B). As previously stated, proteolytic processing 

has a very important role on viral replication, in particular, the processing of 

3CDpro. Viral 3CDpro is required for the formation of the replication complex, for 

priming viral RNA synthesis, and for processing capsids. Viral 3CDpro is also 

cleaved in cis to generate the viral proteins 3Cpro, responsible for the processing 

of other viral proteins, and 3Dpol, the RNA-dependent RNA polymerase that 

replicates the genome (Andino et al. 1990; and Cornell and Semler 2002). 

Therefore, the decrease in 3CDpro pools can inhibit both initiation of viral RNA 



synthesis and viral encapsidation.  Concomitant with these results, we looked at 

the mutant NPC cells and found that 3CDpro processing in these cells was 

significantly attenuated as compared to the wild type control cells (Figure 5C). 

CONCLUSION: 

 Together this data demonstrates that free cholesterol from both the 

internal pool or the plasma membrane has a facilitative role in enteroviral 

replication, and in addition, cholesterol is critical for viral replication organelle 

biogenesis. Since, removal of cellular cholesterol inhibits virus replication and the 

formation of VROs. Concomitant with the effects of lowering cellular cholesterol, 

the opposite happens in situations where cholesterol is in excess, in NPC mutant 

cells viral replication is stimulated. Moreover, we were able to confirm by 

analyzing the viral proteolytic processing kinetics that cholesterol is critical for 

regulating 3CDpro processing and the levels of 3Cpro and 3Dpol. 

  



 

 

 

     Mock        5          10         25

                           

** ** **   ** ** **    ** ** **

0

20

40

60

80

100

120  CVB3  PV  HRV2

Lovastatin (μM)

R
ep

lic
at

io
n,

 (%
) 

B

0

20

40

60

80

100

120

0 1 2 3 4 5 6 7 8
Time (hr)

PV
 R

ep
lic

at
io

n 
(%

)

 MβCD 10mM
 Mock

 MβCD 10mM + cholesterol

DC

0 1 2 3 4 5
0

20

40

60

80

100

120

Time (hr)

 MβCD 10mM
 MβCD 10mM + cholesterol

C
VB

3 
R

ep
lic

at
io

n 
(%

)

 Mock

0 

20 

40 

60 

80 

100 

PV
 re

pl
ic

at
io

n,
 %

 o
f  

co
m

pl
et

e 
m

ed
iu

m

1hr post 
replicon 
transfection 

48 hr prior 
to replicon 
transfection 

A

M
βC

D
 

Filipin dsRNA 3A 
Filipin 3A 

dsRNA E 

C
o
n
tr
o
l



Figure 3. Cholesterol Removal from Viral Replication Organelles Inhibits 

Replication 

A. Replication of PV replicon is inhibited when cells are in the presence of serum 

free or LDL-deficient media. Treatments were performed at 48 hours prior to 

or at 1-hour post replicon transfection. Values represent percent of replication 

in cells treated with complete media. Mean data from 3 independent 

experiments were normalized with respect to cell viability and plotted +/- SEM. 

Standard errors were calculated using the Student t-Test for unpaired data 

with unequal variance function. 

B. Lovastatin treatment inhibits PV, CVB, and HRV replication in a dose 

dependent manner. Cells were grown in LDL-deficient media supplemented 

with Lovastatin and 250μM mevalonate for 72 hours before PV or CVB 

replicon transfection. For HRV, cells were infected prior to treatments. Mean 

data from 3 independent experiments were normalized with respect to cell 

viability and presented as percent of vehicle treated cells. Then plotted +/- 

SEM. **:p<0.01. Standard errors and p-values were calculated using the 

Student t-Test for unpaired data with unequal variance function. 

C. Acute depletion of plasma membrane cholesterol with MβCD inhibits CVB 

replicon replication, but exogenous addition of cholesterol back to these 

membranes significantly rescues replication. Mean data +/- SEM from six 

replicates for each condition was normalized by luciferase mRNA expression. 

Standard errors were calculated using the Student t-Test for unpaired data 

with unequal variance function. 



D. Acute depletion of plasma membrane cholesterol with MβCD inhibits PV 

replicon replication, but exogenous addition of cholesterol back to these 

membranes significantly rescues replication. Mean data +/- SEM from six 

replicates for each condition was normalized by luciferase mRNA expression. 

Standard errors were calculated using the Student t-Test for unpaired data 

with unequal variance function. 

E. Acute depletion of plasma membrane cholesterol with MβCD inhibits viral 

replication organelle biogenesis. Cholesterol was stained with filipin (blue), 

viral replication organelles with antibodies against viral protein 3A (red) and 

viral dsRNA (green). Scale bar, 5μm. 
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Figure 4. High Levels of Cholesterol Stimulate Viral Replication 

A. Free cholesterol distribution in wild type and NPC2-/- mutant fibroblasts (high 

intracellular pools). Cholesterol was labeled with filipin. 

B. PV replicon replication is stimulated in NPC2-/- fibroblasts. Mean data +/- SEM 

from 6 replicates was plotted. Standard errors were calculated using the 

Student t-Test for unpaired data with unequal variance function. 

C. Peak PV replication levels are stimulated in both NPC1-/-, and NPC2-/- mutant 

fibroblast cells. Mean data +/- SEM from 5 replicate experiments were 

normalized by expression of reporter luciferase RNA and plotted. ***p<0.001. 

Standard errors and p-values were calculated using the Student t-Test for 

unpaired data with unequal variance function. 

D. Free cholesterol distribution at peak replication time in NPC2-/- fibroblast cells. 

Cholesterol was labeled with filipin (green) and VROs with an antibody 

against viral dsRNA (red). Scale bar, 10μm. 

E. Free cholesterol levels at VROs in NPC2-/- mutant fibroblasts are ~3 fold 

greater than in wild type fibroblasts. Mean fluorescence data +/- SEM, from 

n=30 of each wild type and NPC2-/- fibroblasts are plotted. Standard errors 

were calculated using the Student t-Test for unpaired data with unequal 

variance function. 

F. Acute depletion of cholesterol in NPC2-/- mutant fibroblasts with MβCD inhibits 

PV replicon replication by 60% as compared to mock treated wild type 

fibroblasts. Mean data +/- SEM from 2 independent experiments is plotted. 



Standard errors were calculated using the Student t-Test for unpaired data 

with unequal variance function. 
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Figure 5. Cholesterol is Critical in Viral Protein Processing 

A. Processing of viral 3CDpro is stimulated when cholesterol is depleted with 

MβCD or its organization disrupted with Filipin before or during viral infection. 

The top 2 bands of the blot show the levels of 3CDpro are lower than the 3Dpol 

in both treatment conditions. Immunoblot analysis of 3CDpro, 3AB, and 2BC 

processing into one of its viral protein products 3Dpol, 3A, and 2C respectively 

after mock, MβCD (1 hour pretreatment), or filipin treatment (at 3 hour post 

infection). Viral proteins were harvested at 5-hour post infection. 

B. 3CDpro to 3Dpol protein ratio after cholesterol perturbation is lower as 

compared to mock treated cells meaning 3CDpro processing is significantly 

stimulated. Mean data +/- SEM from 3 independent experiments are plotted. 

Standard errors were calculated using the Student t-Test for unpaired data 

with unequal variance function. 

C. 3CDpro to 3Dpol ration in NPC2-/- mutant fibroblasts is significantly higher as 

compared to wild type fibroblasts meaning 3CDpro processing is attenuated. 

Mean data +/- SEM from 3 independent experiments are plotted. Standard 

errors were calculated using the Student t-Test for unpaired data with unequal 

variance function.  



CHAPTER 5 

Cellular Cholesterol Homeostasis And Dynamics Of Plasma Membrane 

Free Cholesterol Redistribution 

Thus far, we have established that cholesterol is in the VROs and is 

necessary for VRO production, 3CDpro processing, and viral replication. This 

chapter is focused on identifying the source of free cholesterol and the possible 

mechanism by which the cellular free cholesterol pool gets localized to the VROs 

during infection. Cholesterol in cells can be found in 2 forms: unesterified (free) 

intercalated in the cellular membranes, and available for cellular processes, or 

esterified into cholesteryl esters and stored in lipid droplets. And cells can obtain 

cholesterol from 2 sources: by receptor mediated uptake of low-density 

lipoproteins (LDLs) from dietary sources, or from de novo synthesis through the 

mevalonate pathway in the ER (Ikonen 2008). 

RESULTS: 

Free Cholesterol Levels Increase During Viral Infection 

 The initial step was to assess any changes in the levels of unesterified 

and esterified cholesterol. Hela cells were seeded and infected with CVB or PV. 

Infected samples were collected at 4hr post infection along with uninfected 

control samples and processed using the Amplex Red Cholesterol Assay kit 

following the procedure described in Chapter 2. We found that the bulk levels of 

unesterified cholesterol had a net increase of 40% and the levels of esterified 



cholesterol had a net decrease of 50% in infected samples at 4hr post infection 

as compared to uninfected controls (Figure 6A). 

To determine the potential mechanism responsible for these changes, we 

first measured the levels of LDL uptake. In this experiment, we loaded control 

and CVB infected Hela cells with LDL tagged with the fluorescent probe Bodipy 

Fluor at 20μg/ml in CCM, and incubated the cells for 2 or 4hr. At each time point 

CCM was replaced with CICM and cells were imaged immediately. We found that 

LDL uptake was stimulated by approximately 30% within 2hr post infection, but 

by 4hr post infection, LDL uptake was inhibited by more than 50% (Figure 6B). 

Then we evaluated biosynthesis by measuring the incorporation of radioactive 

isotope 14C into the newly made cholesterol at 2, 4, and 6 hours post infection. 

Hela cells were labeled following the protocol described in Chapter 2. We found 

that biosynthesis is not interrupted during infection, but the levels of synthesis 

decreased by 30% within 2 hours post infection, perhaps due to the increased 

uptake of LDL in the same time frame; and synthesis increased back to control 

levels by 4+ hours post infection, this could be due to the removal of cholesterol 

as VROs are being formed (Figure 6C). On the other hand, lipid esterification 

levels were inhibited throughout infection (Figure 6C). This and the LDL results 

support the net increase in the bulk free cholesterol. 

Plasma Membrane Cholesterol is Redistributed During Infection by Viral 

Protein 2BC 

 We next wanted to investigate the fate of the existing free cholesterol 

pools. Thus, we first studied the dynamics of the plasma membrane free 



cholesterol pool. HeLa cells seeded the day before were transfected with FAPP1-

mRFP (biomarker for VROs) and incubated overnight. Then cells were loaded 

with Bodipy-cholesterol and further incubated for 1hr to let the labeled cholesterol 

reach steady state distribution. Next, cells were infected with CVB and imaged 

immediately. Confocal time-lapse images of control and infected cells were 

obtained for the duration of the infection. We observed that in the CVB infected 

cells there was a rapid internalization of the plasma membrane cholesterol. 

Within 2 hours post infection, more than 90% of the fluorescent cholesterol was 

depleted from the plasma membrane (Figure 7A & 7B). Soon after internalization, 

these cholesterol rich vesicles were seen fusing with and releasing the Bodipy-

cholesterol to the VROs (Figure 7A), showing active transfer of cholesterol to 

VROs. 

 One potential viral protein responsible for the increase LDL levels and the 

uptake of plasma membrane cholesterol is 2BC. The viral proteins 2B and 2BC 

are associated with remodeling host cytoplasmic membranes to generate viral 

replication organelles (Cho et al. 1994; Suhy et al. 2000). And it has been 

reported that the ectopic expression of the viral protein 2BC upregulates 

endocytosis of major histocompatibility complex class 1 (MHC1) and of other 

molecules such as the AM4-65, a styryl dye, which is incorporated into the 

plasma membrane and follows the endocytic pathway (Cornell et al, 2007; 

Deligeorgiev et al. 2010). We transfected Hela cells to ectopically express the 

bicistronic 2BC construct and were able to reproduce the published AM4-65 dye 

data in our system (Figure 7C). Furthermore, we found that exogenous 



expression of 2BC alone was able to increase the levels of intracellular free 

cholesterol (Figure 7D). This data demonstrated the potential involvement of 2BC 

in the uptake of free cholesterol. Even though, it is still to be determined the 

specific role of viral 2BC in cholesterol uptake. 

CONCLUSION: 

 In this chapter we were able to establish that during infection, CVB 

modulates the cellular cholesterol pools to increase the levels of free cholesterol 

that it can use to build replication platforms. The virus achieves this by increasing 

the uptake of LDL and by internalizing the existing free plasma membrane pool, 

while decreasing (or maintaining) base levels of cholesterol biosynthesis and 

inhibiting esterification and storage of the free cholesterol pool. We also found 

that the viral protein 2BC alone is able to increase the internal free cholesterol 

pool, but it is important to mention that we still need to determine how is 2BC 

involved in this process. 
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Figure 6. Free Cholesterol Levels Increase During Viral Infection 

A. Free cholesterol pools (black bars) are increased while esterified cholesterol 

pools (blue bars) is decreased by peak CVB replication time as compared to 

mock infected control cells. Quantification of free and esterified cholesterol 

pools at 0 and 4 hours post CVB infection. Mean data +/- SEM from 3 

independent experiments are plotted. Standard errors were calculated using 

the Student t-Test for unpaired data with unequal variance function. 

B. LDL uptake is increased by 2 hours and it decreases by 4 hours post CVB 

infection. Mean Bodipy-LDL uptake data from CVB infected cells at 2 hours 

and 4 hours post infection and for mock infected at 4 hours post infection 

were plotted as percentage of uptake of mock infected cells at 2 hours post 

infection (n=30), +/- SEM. Standard errors were calculated using the Student 

t-Test for unpaired data with unequal variance function. 

C. Free cholesterol biosynthesis decreases within 2 hours post infection and 

increases again by 4 and 6 hours post infection. Cholesterol esterification is 

maintained throughout infection. Free and esterified cholesterol biosynthesis 

at 2, 4, and 6 hours post CVB infection. Mean data +/- SEM from 1 

experiment with 3 replicates are plotted. Standard errors were calculated 

using the Student t-Test for unpaired data with unequal variance function. 
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Figure 7. Plasma Membrane Cholesterol is Redistributed During Infection 

by Viral Protein 2BC 

A. Free cholesterol (green) redistributes from plasma membrane to replication 

organelles (red) during CVB infection. FAPP1-mRFP (VRO marker) 

expressing cells were loaded with Bodipy-cholesterol then infected with CVB 

before time-lapse confocal imaging. Scale bar 5μm. 

B. Plasma membrane Bodipy-cholesterol decreased by more than 60% within 2 

hours post infection, and by peak replication time, over 90% of the plasma 

membrane cholesterol was depleted in CVB infected cells as compared to 

uninfected control samples. Mean fluorescence data +/- SEM from uninfected 

and CVB infected cells (n=10) are plotted. Standard errors were calculated 

using the Student t-Test for unpaired data with unequal variance function. 

C. Quantification of perinuclear AM4-65 fluorescence in 2BC-GFP expressing 

cells show a 2 fold increase in internalized AM4-65 as compared to mock 

GFP transfected cells. Cells were pulsed with AM4-65 for 10 minutes, and 

chased for 30 minutes in media lacking AM4-65. Mean data from 2BC 

expressing cells is plotted as percentage of mock cells +/- SEM (from n=50 

cells for each condition). Standard errors were calculated using the Student t-

Test for unpaired data with unequal variance function. 

D. Quantification of intracellular free cholesterol pools in 2BC-GFP expressing 

cells show ~30% increase as compared to mock GFP transfected cells. Cells 

were labeled with filipin prior to imaging. Mean data from 2BC expressing 

cells is plotted as percentage of mock cells +/- SEM (from n=50 cells for each 



condition). Standard errors were calculated using the Student t-Test for 

unpaired data with unequal variance function.  



CHAPTER 6 

The Endocytic Machinery Is Required For Cellular Cholesterol Homeostasis 

And Viral Replication 

 The increase in uptake of LDL, the redistribution of the plasma membrane 

cholesterol, and the 2BC upregulation of endocytosis provided us with an initial 

evidence of the involvement of the clathrin mediated endocytosis pathway. 

Consequently, in this chapter we will focus on understanding the role of the main 

components of the endocytic machinery in enteroviral infection, independent of 

viral entry. 

RESULTS: 

Endocytic Machinery Regulates Viral Replication 

 To identify the impact on viral replication, we performed a siRNA screen 

on a subset of genes involved in CME and endosomal compartmentalization. 

siRNA constructs were designed to specifically target the following human genes: 

clathrin, AP2, dynamin 2, Rab5, Rab11, Huntingtin interacting protein 1 (HIP1), 

Disabled 2 (DAB2), and Epsin15L. In this set of experiments, we transfected into 

cells either CVB or PV replicons to bypass the impact on replication from viral 

entry, disassembly, and/or export. HeLa cells were treated with a non-target 

(control) siRNA or with siRNA targeted to specific genes before transfecting the 

cells with CVB or PV replicons. We were able to achieve more than 75% 

depletion of the target proteins in our siRNA treated cells (Figure 8A). We found 

that in the target siRNA treated cells; there was a significant inhibition of CVB 



and PV replication (Figure 8B & 8C). Furthermore, in samples fixed and 

immunolabeled against the target proteins and viral 3A, we found that replication 

organelle biogenesis was disrupted (Figure 9A, 9B, & 9C). 

In addition to the above target genes, we also studied the effects of Cav1 

and Cav2 siRNA depletion, which are part of the CIE. We found that when Cav1 

or Cav2 was depleted, viral replication in these cells was stimulated by 3-fold 

compared to non-target treated control cells (Figure 10A, 10B, & Table 1). We 

analyzed the transfection levels and found that Cav2 depletion did not affect 

Cav1 levels, but Cav1 depletion decreased Cav2 levels (Figure 10B); suggesting 

that Cav2 mediates the increase of cholesterol in internal pools consequently 

stimulating viral replication. Measurements were normalized for cell viability that 

was largely unaffected by siRNA treatment; and there was no correlative impact 

on transfection/translation efficiency of the control reporter mRNA (Table 1). 

Depletion of CME, Endosomal Machinery, and CIE Proteins Modify Host 

Cellular Free Cholesterol Pools 

 Maintaining cellular cholesterol homeostasis is a tightly controlled process. 

Homeostasis is regulated mainly by the sterol regulatory element binding protein 

(SREBP) pathway that activates the transcription of genes involved in either 

synthesis or storage of cholesterol (Rawson 2003). When there is a need for 

cholesterol, cells either upregulate the receptor-mediated uptake of LDL 

molecules from the extracellular matrix or synthesize new cholesterol in the ER 

(mevalonate pathway). And when there is an excess of cholesterol, the cells 

esterify and store it in lipid droplets through an esterification process in the ER 



catalyzed by acyl CoA cholesterol acyltransferase (ACAT) (Hsieh, et al. 2012; 

Ikonen 2008). Therefore, we moved our attention to assaying the fate of the 

cellular cholesterol in uninfected cells. We wanted to see if any changes in the 

cellular cholesterol homeostasis would potentially result in the effects on viral 

replication observed in the experiments from the siRNA screen. 

Cells were depleted of target proteins by siRNA treatment followed by 

pulse chase experiments with Bodipy-cholesterol; images were acquired within 

30 minutes of Bodipy-cholesterol loading. We found that in cells depleted of 

either CME or endosomal target proteins (clathrin, AP2, dynamin, Rab5, Rab11, 

HIP1, DAB2, and Epsin15L), Bodipy-cholesterol was trafficked to abundant, 

spherical cytoplasmic structures that we identified to be lipid droplets since these 

stained with Nile Red (Figure 11A). Nile Red binds to neutral lipids and has been 

used to successfully label intracellular lipid droplets (Greenspan and Fowler 

1985; Greenspan et al. 1985). In addition, we fixed siRNA treated samples and 

immunolabeled for the target proteins and for the adipose differentiation-related 

protein (ADRP), this protein is universally expressed in storage lipid droplets, 

(Faleck et al. 2010); and we were able to confirm that the observed structures 

were storage lipid droplets (Figure 11B). 

Moreover, at steady state in these target siRNA treated cells, there was up 

to 6-fold more lipid droplets per cell as compared to the non-target treated control 

cells (Figure 11C). Concomitant with the increase in lipid droplet number, these 

cells’ bulk cholesterol measurement revealed an approximately 3-fold increase in 

the esterified pool (Figure 11D), while the free unesterified pool had a small 



decrease of less than 20% (Figure 11E). To further clarify if the increase in the 

esterified cholesterol pool was due to an increase in LDL uptake or not, we grew 

Hela cells in media supplemented with LDL-deficient serum, before siRNA 

transfection, and found that cholesterol storage was still enhanced (Figure 11F).  

In addition, we transfected Hela cells grown in LDL deficient media with the PV 

replicon, and found that viral replication was inhibited by approximately 50% 

similar to control cells grown in CCM (Figure 11G); suggesting that the 

intracellular free cholesterol pools, mainly from the plasma membrane, were 

being trafficked to the ER for storage in lipid droplets. 

 On the other hand, when we depleted cells of Cav1 or Cav2, the Bodipy-

cholesterol distribution at steady state was the same compared to the non-target 

control cells; but after bulk measurements of the cholesterol pools, there was up 

to 50% increase in free cholesterol (Figure 12A). And was confirmed in fix 

samples labeled with filipin, that the cholesterol was more abundant at plasma 

membrane and intracellular membranes (Figure 12B). We measured the level of 

SREBP-2 in Cav1/Cav2 siRNA treated cells, and we found that the level did not 

increase providing evidence that the increase of free cholesterol in these cells 

was not due to cholesterol biosynthesis (Figure 12C). In contrast, when cells 

were treated with media supplemented with LDL-deficient serum, the free 

cholesterol level did not increase (Figure 12D); moreover, we found that in cells 

grown in LDL deficient media and transfected with the PV replicon, viral 

replication was inhibited as compared with control cells grown in CCM (Figure 

12E); showing that the free cholesterol in these cells was derived from the uptake 



of LDL. These results give an insight that caveolin 1 and 2 may be modulating 

the transfer of cholesterol, derived from LDL uptake, to the ER. 

CONCLUSION: 

 In this chapter, we show that essential components of the CIE, CME, and 

endosomal trafficking pathways regulate enteroviral replication downstream of 

viral entry. Depletion of CME and endosomal trafficking proteins by siRNA 

inhibits replication; while, depletion of Caveolins stimulates replication. We also 

found that these proteins are essential for maintaining cellular cholesterol 

homeostasis. Depletion of CME and endosomal trafficking proteins gave a strong 

phenotype, where the free cellular cholesterol pool was being esterified and 

stored in lipid droplets, which could be the reason for the inhibition or viral 

replication; since free cholesterol is unavailable for the virus to form stable viral 

replication platforms. Parallel to these results, we found that depletion of 

Caveolins gave the opposite phenotype; these cells had an increased free 

cellular cholesterol pool derived from the uptake of LDL. Consequently, viral 

replication is stimulated during infection, since host cells have more free 

cholesterol available for the virus to use. 
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Figure 8. Endocytic Machinery Regulates Viral Replication 

A. Knockdown efficiency of selected endocytic machinery genes was performed 

in HeLa cells. Up to 75% depletion of the target proteins was achieved with 

our siRNA treatment. Knockdown of AP2 subunits (A1, A2, B1, and M1) 

deplete AP2M1 (Motley2003, Gu 2013). Bar graphs represent quantification 

of knockdown efficiency in immunoblot analysis. Data are expressed as 

percent of the mean values ± SEM from 3 independent experiments for each 

knockdown normalized to Non target siRNA.

B. CVB replicon replication is inhibited by up to 50% as compared to non-target 

siRNA treated control cells when components of the endocytic machinery are 

depleted by siRNA treatment. Mean peak replication data +/- SEM, from 2 

independent experiments with six replicates each, were normalized with 

respect to cell viability and plotted as percentage of non-target siRNA treated 

cells. **p<0.01.

C. PV peak replicon replication was inhibited by up to 50% as compared to non-

target siRNA treated control cells when components of the endocytic 

machinery are depleted by siRNA treatment. Data was normalized by cell 

viability and represented as percentage of the non-target siRNA sample. Data 

from 2 to 4 independent experiments with 4 to 6 replicates each +/-SEM was 

plotted.
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Figure 9. Endocytic Machinery Regulates Viral Replication Organelle 

Biogenesis 

Replication organelle biogenesis is severely inhibited in cells depleted of 

endocytic components. Clathrin light chain (A), Dynamin (B), Rab11 A or 

Rab11B (C) was depleted by siRNA treatment for 48 hours prior to CVB3 

infection. Cells were subsequently immunolabeled with antibodies against 

target proteins; and antibodies targeting enteroviral 3A protein were used to 

detected replication organelles. 
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Figure 10. Caveolin Depletion Stimulates Viral Replication 

A. PV and CVB replication is highly stimulated when either Caveolin 1 or 

Caveolin 2 was depleted from HeLa cells by siRNA treatment as compared to 

non-target treated control cells. Mean peak replication data +/- SEM, from 2 

independent experiments with six replicates each, were normalized with 

respect to cell viability and plotted as percentage of non-target siRNA treated 

cells. **p<0.01. 

B. Caveolin 1 and Caveolin 2 were efficiently knocked down by siRNA treatment. 

Bar graphs shows up to 80% of endogenous protein depletion from cells in 

our experiments. Note in our western blot analysis, Caveolin 1 depletion also 

reduces Caveolin 2 expression levels but Caveolin 2 depletion does not affect 

Caveolin 1 protein levels.  



 



Table 1. Cell Viability Assays for siRNA Treatment Experiments 

Table presents cell viability assays 48 hour after on-target and non-target siRNA 

transfection and peak PV and CVB3 replication values for each siRNA condition. 

Mean CVB3 and PV peak replication data were normalized for cell viability and 

presented as percent of non-target siRNA treated cells. Data from 2 independent 

experiments for CVB3 and from 2-4 independent experiments for PV with 4-6 

replicates in each experiment are presented. Mean Luciferase mRNA expression 

data, as a transfection/translation control for cells depleted of endocytic proteins, 

are also presented. 
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Figure 11. Depletion of CME, Endosomal Machinery, and CIE Proteins 

Modify Host Cellular Free Cholesterol Pools Toward Esterification 

A. Plasma membrane cholesterol is stored in lipid droplets after siRNA depletion 

of CME components. Numerous Bodipy-cholesterol vesicle-like structures in 

CME siRNA treated HeLa cells colocalized with Nile Red lipid droplet stain as 

compared to non-target siRNA treated control cells. Scale bar 5μm. 

B. Lipid droplet distribution in siRNA treated HeLa cells as confirmed by 

immunolabeling of the lipid droplet resident protein ADRP. 

C. Lipid droplet number was increased by up to 6 fold in cells depleted of CME 

or Endosomal recycling proteins, as compared to non-target siRNA control 

cells. Mean data +/- SEM from n=50 cells for each siRNA treatment was 

plotted. 

D. Steady state esterified cholesterol levels are higher when CME or Endosomal 

machinery components are depleted from HeLa cells, as compared to non-

target siRNA treated control cells. Mean data +/- SEM of 3 independent 

experiments for each siRNA. 

E. Steady state free cholesterol levels decreased by only up to 20% when CME 

or Endosomal machinery components are depleted from HeLa cells, as 

compared to non-target siRNA treated control cells. Mean data +/- SEM of 3 

independent experiments for each siRNA. 

F. Lipid droplet formation was still enhanced in clathrin siRNA depleted cells 

maintained in complete medium and LDL-deficient medium at 48 hours after 

treatment, as compared to control non-target siRNA treated cells. Lipid 



droplets and clathrin were visualized by immunolabeling with anti-ADRP and 

anti-Clathrin light chain antibodies, respectively. 

G. Poliovirus replicon replication was inhibited in clathrin siRNA depleted cells 

maintained in complete and LDL-deficient medium. Values represent percent 

of corresponding control non-target siRNA treated cells for each condition. 

Data were normalized with respect to cell viability. Mean Data from 3 

independent experiments with 4 replicates each are plotted +/- SEM. 
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Figure 12. Depletion of Caveolin Proteins Modify Host Cellular Free 

Cholesterol Toward Enrichment of Internal Pools 

A. Levels of steady state free cholesterol (blue bars) are elevated in cells 

depleted of caveolin 1 or caveolin 2, while esterified cholesterol (grey bars) 

levels are unchanged. Mean data +/- SEM of 3 independent experiments for 

each siRNA. 

B. Internal pools of free cholesterol are enriched in cells depleted of caveolin by 

siRNA treatment. Cells were immunolabeled with anti caveolin antibody and 

cholesterol was stained with filipin. Scale bar 5μm. 

C. Nuclear SREBP2 levels were slightly lower in caveolin 2 siRNA treated cells 

as compared to control non-target siRNA treated cells. HeLa cells were 

immunolabeled with SREBP2 antibody. Cells were subsequently imaged by 

confocal microscopy and nuclear fluorescence was measured. 

D. Free cholesterol pools decreased in caveolin 1 or caveolin 2 depleted cells 

maintained in LDL-deficient media, as compared to control cells maintained in 

complete media. Free cholesterol was detected by filipin staining. 

Representative images are shown. 

E. Poliovirus replicon replication in caveolin 1 and caveolin 2 depleted cells in 

complete and LDL-deficient medium show that in complete media replication 

was enhanced while in LDL deficient media replication was inhibited. Values 

represent percent of corresponding control non-target siRNA treated cells for 

each condition. Data were normalized with respect to cell viability. Data from 

3 independent experiments with 4 replicates each are plotted +/- SEM.  



CHAPTER 7 

CME Uptake And Endosomal Recycling Pathway Dynamics Are Essential 

For Cholesterol Redistribution To VROs And Viral Replication 

 The viral replication inhibition by the siRNA screen of CME and 

endosomal recycling proteins, the increase in LDL uptake, and the increase in 

free cholesterol uptake and its redistribution from the plasma membrane to 

internal membrane pools, all these data show the importance of the CME and 

endosomal-recycling pathways during viral infection. Furthermore, the caveolin 

siRNA data showing stimulation of viral replication in these cells provides 

evidence that the caveolin dependent CIE is unlikely involved. In the previous 

chapters, we show that during infection there is a total net increase in LDL 

uptake (Figure 6B) and a total net decrease in the free plasma membrane 

cholesterol (Figure 7B) to enrich internal free cholesterol pools; to achieve these 

results at steady state, we hypothesize that the dynamics of cellular uptake and 

recycling are modulated by the enteroviruses. With this in mind, we wanted to 

study the CME and the endosomal-recycling pathway in more detail. Therefore, 

in this chapter we focus on the redistribution mechanism and dynamics of free 

cholesterol by studying protein components of the CME and the endosomal 

recycling pathway using techniques such as confocal and TIRF microscopy. 

RESULTS: 

Clathrin Mediated Endocytosis is Associated with Free Cholesterol Uptake 

and Redistribution to Viral Replication Organelles 



 We first wanted to further verify the involvement of CME during enteroviral 

infection. In the following experiment, we performed a Bodipy-cholesterol pulse 

chase experiment on Hela cells transiently expressing clathrin-mRFP during CVB 

infection. We found that within 2hr post infection, Bodipy-cholesterol was 

frequently localized to clathrin positive structures (Figure 13A, 13B & 13C). We 

then disrupted CME with chlorpromazine, a drug used in research to inhibit CME 

uptake, (Mercer et al. 2010). Hela cells were treated with 1, 5, or 10μg/ml of 

chlorpromazine at the same time as the control reporter or the PV replicon was 

transfected; then we measured the replication kinetics. We found that replication 

was inhibited up to 60% in a dose dependent manner as compared to mock 

treated control cells (Figure 13D). 

Additionally, we used Dynasore, a noncompetitive dynamin GTPase 

inhibitor that is used to disrupt CME, to prevent CME uptake (Dutta and 

Donaldson 2012; Kirchhausen et al. 2008; Macia et al. 2006). Hela cells 

transiently expressing FAPP1-mRFP were treated acutely with 80μM of 

Dynasore at 3hr post infection, then pulsed with Bodipy-cholesterol for 5 minutes, 

and finally chased for 1hr before confocal imaging. We found that Dynasore 

treatment blocked trafficking of cholesterol to viral replication organelles (Figure 

13E). We also measured viral replication in cells treated with either DMSO or 

Dynasore then transfected with the control reporter or CVB replicon, respectively, 

and found that in Dynasore treated cells the replication was inhibited by 

approximately 80% as compared to control cells (Figure 13F). Next, we 

measured the levels of the endogenous free cholesterol pool at the replication 



organelles in Hela cells acutely treated with 80μM of Dynasore for 1hr at 3hr post 

infection, then fixed and immunolabeled with an antibody against viral 3A and 

stained with filipin. We found that cholesterol content at VROs was significantly 

decreased compared to mock treated control cells, supporting our previous 

observations in the live Bodipy-cholesterol experiment (Figure 13E & 13G). 

Collectively, these data show that CME is involved in trafficking of free 

cholesterol and that inhibition of CME can negatively affect viral replication. 

Uptake Kinetics of Clathrin Mediated Endocytosis is Unaffected During 

Viral Replication 

 With the results from the CME disruption experiments strongly suggesting 

the CME involvement in viral replication, we decided to study the dynamics of 

CME to identify any changes in the uptake kinetics during infection. For the 

following experiments, we made a HeLa cell line stably expressing Clathrin 

tagged with red fluorescent protein, that we will refer to as CRSH (clathrin-RFP 

stable HeLa) cells and maintained in CCM supplemented with 0.5mg/ml of G418 

to select for cells expressing the construct. The use of CRSH cells gave the 

advantage of minimizing variability in the expression levels of clathrin-RFP, and 

can lower the cytotoxic effects caused by simultaneous use of multiple 

techniques. First using confocal microscopy, we performed pulse chase 

experiments in live cells. We seeded CRSH cells in bottom glass multi-well 

chambers and incubated them for 1 to 2 days before pulsing Bodipy-cholesterol 

for 5 minutes, then rinsed and further incubated for an additional 30 min to allow 

the Bodipy-cholesterol to achieve steady state. Cells were then infected with 



CVB and time lapsed images of the area closest to the coverglass were taken at 

5 minutes intervals for the duration of the infection. We found that during infection 

clathrin positive structures where observed to colocalize with cholesterol rich 

structures at the plasma membrane and later disappeared as these were 

trafficked into the host cell cytoplasm (Figure 14A). 

Since many of the changes were happening 1 - 4 hours post infection, 

such as uptake of LDL (Figure 6B) and depletion of free cholesterol from the 

plasma membrane (Figure 7B). We wanted to study the kinetics of clathrin 

uptake at or in close proximity to the plasma membrane and within the first 1 to 3 

hours of infection, but with confocal microscopy we were limited by the 

background fluorescence emitted by internal pool of proteins. Therefore, we used 

TIRF microscopy time lapsed imaging to analyze the kinetics of either clathrin or 

the transferrin receptor. TIRF microscopy is achieved when the excitation light 

hits the coverslip/sample at an angle creating an evanescence wave of light 

~100nm from the coverslip that will only excite fluorophores within this area, 

providing higher resolution with low background fluorescence (Axelrod, 2001). 

We seeded CRSH cells in 35mm bottom glass dishes and incubated them 

for 1 to 2 days. Control and CVB infected samples were then imaged using a 

single laser channel at a 61.5 TIRF angle every 5 minutes for 3 hours. We found 

that the number of clathrin structures during initial infection was similar to the 

number in control cells, (Figure 14B). These data provides evidence that CME is 

involved in the uptake of cholesterol from the plasma membrane and that the rate 

of CME uptake is not changing, suggesting that the total net increase in LDL 



uptake (Figure 6B) and a total net decrease in the free plasma membrane 

cholesterol (Figure 7B) is not due to and increase rate of CME uptake. 

Endosomal Recycling is Inhibited During Viral Infection 

 Most of the endosomal recycling studies have been performed using 

techniques that require cell starvation periods and/or acid treatment of cells for 

the removal of plasma membrane bound ligands or antibodies to measure the 

levels of the target molecules recycled back to the plasma membrane from the 

internalized pool (Shen et al. 2014; Weigert and Donaldson 2005). But these 

harsh conditions may affect the viral life cycle; therefore to avoid any 

unnecessary cellular artifacts, we studied recycling of the human transferrin 

receptor tagged with a pH sensitive probe. The transferrin receptor is 

constitutively internalized via the CME pathway and recycled back to the plasma 

membrane through endosomal compartmentalization, (Hsu, V., et al. 2012). The 

pH sensitive tag, super-ecliptic phluorin, is a modified version of GFP (Merrifield 

et al. 2005; Miesenbock et al. 1998); and it is attached to the extracellular leaflet 

of the human transferrin receptor (hTfnR-phl) (Merrifield et al. 2005). The plasmid 

is highly fluorescent at neutral pH (~pH7.1) such as the extracellular matrix, but 

the fluorescence is quenched at acidic pH (~pH5.5) such as inside endosomal 

compartments (Merrifield et al. 2005; Miesenbock et al. 1998). 

Therefore with this construct and using time-lapse TIRF microscopy, we 

were able to track vesicles containing the receptor as these are exocytosed and 

fusing with the plasma membrane (Figure 15A). We seeded cells in bottom glass 

dishes and transfected them with hTfnR-phl. Then we imaged both uninfected 



and CVB or PV infected cells in TIRF mode at a 61.5 angle; in continuous image 

acquisition mode (that captures ~20 images per second) for 30 seconds every 

half hour for 3.5hr, randomly selecting 5 cells at each time point for each 

condition. We counted the number of events and found that in CVB and PV 

infected cells the number of exocytic events was decreased by approximately 

80% at 3.5 hours post infection, as compared to uninfected control cells (Figure 

15B). This data shows that the recycling kinetics of hTfnR is inhibited during 

infection, therefore trapping the receptor inside endosomal compartments. 

We followed the fate of the transferrin receptor inside the cells by 

transiently expressing TnfR-GFP in HeLa cells. Cells were then infected and 

confocal time-lapse imaging was performed throughout infection. We found that 

the plasma membrane pool of transferrin receptor was depleted and that 

intracellular compartments were enriched in transferrin receptor (Figure 15C). 

Then to identify the endosomal compartments where the receptor might be 

trapped, we looked at the transferrin receptor along with markers for early, late, 

or recycling endosomes. We seeded cells in coverslips and transfected with 

hTfnR-phl; then we infected them with CVB and fixed the samples at 3.5 post 

infection; followed by immunolabeling with antibodies against GFP and either 

Rab5 (early endosome), Rab7 (late endosome), or Rab11a (recycling endosome) 

(Wandinger-Ness and Zerial 2014). We found that in infected cells the transferrin 

receptor was present in higher levels only at Rab11a positive compartments as 

compared to uninfected cells (Figure 15D); showing that the recycling 



endosomes were potentially modulated to reroute or store its contents to inhibit 

recycling to the plasma membrane. 

Viral Protein 3A Recruits and Targets Free Cholesterol-Rich Rab11 

Recycling Endosomes to Viral Replication Organelles 

 Although, due to the temporal correlation between the appearance of 

VROs from the ER exit sites (Hsu et al. 2010) and the continuation of cholesterol 

biosynthesis at ~4hr post infection (Figure 6C) suggesting that some cholesterol 

is being transferred from the ER to the VROs. Now with evidence that the 

endosomal-recycling pathway is inhibited during infection (Figure 15B) and that 

Rab11 endosomes are the potential stop or rerouting point for internalized 

transferrin receptor. We wanted to investigate if the redistribution and transfer of 

free cholesterol to VROs was through the Rab11 endocytic compartments. 

We followed, by live pulse chase experiments, the localization of Bodipy-

cholesterol during CVB infection in relation to Rab11 (recycling endosome 

marker). We found that by 2hr post infection plasma membrane free cholesterol 

was also redistributed to Rab11 recycling endosomes (Figure 16A); we were able 

to confirm this data by SIM imaging of Rab11-YFP expressing cells loaded with 

Bodipy-cholesterol. In these cells, Bodipy-cholesterol also localized to Rab11 

compartments (Figure 16B). Lastly, we inhibited cholesterol trafficking through 

the endocytic pathway by acutely treating cells transfected with either a control 

transporter or PV replicon with Ezetimibe. Ezetimibe is a highly specific inhibitor 

of the cholesterol receptor NPC1-L1 (Chang, T. and Chang, C. 2008) which 

traffics cholesterol via clathrin/AP2 mediated endocytosis to Rab11 recycling 



endosomes (Wang and Song 2012). We found that inhibiting NPC1L1 blocks PV 

replication by up to 50% as compared to mock treated controls (Figure 16C). 

This inhibition in replication further supports the involvement of the CME and 

endosomal-recycling pathway in the uptake and redistribution of free cholesterol 

from the plasma membrane. 

 With free cholesterol present at Rab11 positive endosomes, we further 

studied the fate of these recycling endosomes to find out if there is any 

relationship with the transport of free cholesterol to VROs. For this experiment 

we performed time-lapse imaging of Hela cells coexpressing Rab11-YFP and 

FAPP1-mRPF (VRO marker) during CVB infection. Images showed that many 

Rab11 recycling endosomes were actively trafficking and merging with FAPP1 

positive replication organelles (Figure 17A, 17B, & 17C). In addition, we studied 

early and late endosomes to see if these were trafficked to VROs. Thus, 

Coxsackievirus infected Hela cells coexpressing Rab11-YFP and either Rab5A-

mRFP (early endosome) or Rab7A-mCherry (late endosome) were imaged at 4hr 

post infection. We found that in infected cells, neither early nor late endosomes 

were present at the VROs (Figure 17D); therefore, endosome trafficking and 

merging to VROs was specific to Rab11 recycling endosomes.  

Likewise, we performed coimmunoprecipitation assays between Rab11 

and PI4KIIIβ and found that the physical interaction between Rab11 and PI4KIIIβ 

increased 4 fold by peak replication time, while the levels of both proteins did not 

change (Figure 17E). We also ectopically expressed in Hela cells the enteroviral 

protein 3A, which selectively enhances recruitment of PI4KIIIβ to membranes 



(Greninger et al. 2012; Hsu et al. 2010) and found that viral protein 3A enhance 

the recruitment of Rab11 compartments to 3A positive membranes (Figure 17F); 

suggesting that 3A is the viral protein that might be modulating the transfer of 

Rab11 compartments to the VROs. 

CONCLUSION: 

 In this chapter, we provide evidence that clathrin mediated endocytosis is 

involved in free cholesterol uptake from the plasma membrane and transport to 

VROs indicated by the presence of free cholesterol in clathrin coated structures 

during infection (Figure 13A, 13B, & 13C) and the decrease of free cholesterol 

levels in the VROs upon CME disruption with Dynasore (Figure 13E & 13G), or 

Ezetimibe (Figure 16C). Moreover, CME has a crucial role in enteroviral 

replication since the disruption of CME by siRNA depletion (Figure 8B) and 

chlorpromazine (Figure 13D) or Dynasore (Figure 13F) treatments all inhibit viral 

replication. We also identified that the potential mechanism by which at steady 

state, the net increased in LDL uptake (Figure 6B) and the net decrease of 

plasma membrane free cholesterol pools (Figure 7B) to enrich the internal 

membrane pools is in part due to the inhibition of the cellular endosomal 

recycling kinetics during infection. In addition, our data show that during infection 

there is a significant increase in the association between Rab11 and PI4KIIIβ. 

Concomitant with this, viral protein 3A alone is able to enhance not only PI4KIIIβ 

(Greninger et al. 2012; Hsu et al. 2010), but also Rab11 to 3A positive 

membranes (Figure 17F). Therefore, 3A, by harnessing Rab11, can prevent 



recycling of free cholesterol to the plasma membrane, and instead targeting the 

internalized pool to the VROs. 

  



 

Clathrin-mRFP BODIPY Choles 
  Clathrin-mRFP 
BODIPY Choles 

C
VB

3 
2 

hr
 p

i 

A   Clathrin-mRFP 
BODIPY Choles 

B

Clathrin-mRFP 
Bodipy-Choles Bodipy-Choles   Clathrin-mRFP 

C
VB

3 
- 3

hr
 p

i 

C

D 



 

 

 

 

  FAPP1-mRFP 
BODIPY Choles 

8min 

12min 

16min 

D
M

SO
 

1222mimmim nn

11161661616666661616666666611111666666161116666661166616111666661666666116666111666111166miiiimmiiiimmmmmimmmmmmmmmmmmmmmmmimimmmiiimmmmmiiiimmmmmiiimmmmmm nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

8m8m8m88m8m8m8m8m88mmmm8m8mmmmmm8mmiinninininnnnnnniinnnnnnninnninninn 

1221222 i

FAPP1-mRFP BODIPY Choles 

D
yn

as
or

e 

E 

F 

0 

20 

40 

60 

80 

100 

120 

** 

R
ep

lic
at

io
n 

 (%
) 

G 

0 
20 

40 

60 

80 

100 

120 

** 

R
ep

lic
. O

rg
an

el
le

 
C

ho
le

st
er

ol
 (%

) 



Figure 13. Clathrin Mediated Endocytosis is Associated with Free 

Cholesterol Uptake and Redistribution to Viral Replication Organelles 

A. BODIPY-cholesterol is internalized in clathrin-coated endosomes during 

infection. HeLa cells expressing clathrin-mRFP were infected with CVB3 and 

pulse labeled with Bodipy-cholesterol prior to confocal imaging. Scale bar is 

2μm. 

B. SIM image showing the localization of free cholesterol in clathrin coated 

structures. HeLa cells expressing clathrin-mRFP were infected with CVB3 

and pulse labeled with Bodipy-cholesterol. Scale bar is 0.5μm. 

C. TIRF image of clathrin coated structures combined with Epifluorescence of 

Bodipy-Cholesterol showing the localization of free cholesterol in close 

proximity to the plasma membrane. Inside the image: Top small square show 

deeper clathrin/cholesterol rich vesicles; lower small square show a vesicle/pit 

closer to/at the plasma membrane. 

D. Chlorpromazine treatment inhibits PV replicon replication as compared to 

mock treated control cells. Chlorpromazine was added at the indicated 

concentrations at the start of replication. 

E. Dynasore treatment blocks Bodipy-cholesterol trafficking from plasma 

membrane to replication organelles as compared to mock treated control cells. 

HeLa cells expressing FAPP1-mRFP were infected with CVB3 for 3 hours, 

then pulsed with Bodipy-cholesterol, and subsequently chased with either 

DMSO or Dynasore (80mM) for 1 hour prior to confocal imaging. Scale bar is 

5μm. 



F. Dynasore treatment blocks CVB replication as compared to mock treated 

control cells. Cells were treated with DMSO or Dynasore (80mM), then 

transfected with CVB3 replicons. Mean data ± SEM of peak replication levels 

in three independent experiments for each condition are plotted. 

G. Dynasore treatment blocks endogenous free cholesterol pools from trafficking 

to replication organelles as compared to mock treated control cells. 

Experimental design for this experiment was similar to that in (E) but cells 

were fixed, labeled with anti viral protein 3A antibodies, and stained with filipin. 

Mean data ± SEM from n = 30 cells for each condition are plotted.
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Figure 14. Uptake Kinetics of Clathrin Mediated Endocytosis is Unaffected 

During Viral replication 

A. Clathrin coated structures colocalize with free cholesterol at the plasma 

membrane and are later internalized into the cell. Figure shows 

representative time sequence image gallery of cholesterol rich clathrin 

structures (blue arrows) when they are internalized over time at peak 

replication. Time-lapse confocal images of clathrin-mRFP stable HeLa 

(CRSH) cells loaded with Bodipy-cholesterol and infected with CVB were take 

every 5 minutes for the duration of the infection. Scale bar is 5μm. 

B. Clathrin coated structure abundances in CVB infected cells at 1 and 2 hours 

post infection were similar to uninfected control cells. TIRF images of clathrin-

mRFP stable HeLa (CRSH) cells infected with CVB were taken at 0, 1, and 2 

hours post infection; and control cells were imaged at 0, 1, and 2 hours after 

setting the sample on the stage. Clathrin structures were counted from a 

10μm2 area per cell in both infected and control cells. Mean data ± SEM from 

n = 5 cells for each condition are plotted.  
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Figure 15. Endosomal Recycling is Inhibited During Viral Infection 

A. TIRF microscopy time sequence image gallery of TfnR-phl shows the 

exocytosis of a vesicle containing the receptor. The images show the vesicle 

visible at and later fusing with the plasma membrane. Note the spread of the 

receptor in the immediate area of the vesicle fusion event. HeLa cells were 

transfected with TfnR-phl and imaged in TIRF mode at a 61.5 angle in 

continues imaging mode and capturing ~20 images/second. Scale bar is 

0.5μm. 

B. Cellular recycling is inhibited by more than 80% during enteroviral infection, 

as compared to uninfected control cells. Graph shows the number of exocytic 

events in a 30 second time frame taken at 3.5 hours, in cells with and without 

virus infection. HeLa cells transiently expressing the receptor were infected 

with CVB or PV, and images were collected every 30 minutes for 3.5 hours as 

described above. Mean data ± SEM from n = 5 cells for each condition are 

plotted. Standard errors were calculated using the Student t-Test for unpaired 

data with unequal variance function. 

C. Confocal microscopy time sequence image gallery of TfnR-GFP during CVB 

infection shows transferrin being endocytosed and trapped in endosomes, not 

able to replenish the plasma membrane pool. HeLa cells were transfected 

with TfnR-GFP and infected with CVB. Images were taken every 5 minutes 

for the duration of the infection. 

D. Transferrin receptor localizes to Rab11 recycling endosomes during CVB 

infection as compared to uninfected control cells. HeLa cells transfected with 



TfnR-phl were infected with CVB, fixed at 3.5 hours post infection and 

immunolabeled with antibodies against GFP for the transferrin receptor 

(green) and Rab11A for recycling endosomes (red). Scale bar is 5μm. 

  



 

 

 

 

 

A 
Rab11-mRFP 

 
2 

 h
r p

.i 
0 

hr
 

Bodipy-Choles 
 

Bodipy-Choles 
 Rab11-mRFP 
 

2 μm 0.5μm 

0.5μm 

B 

Bodipy-cholesterol 
Rab11-mRFP 

C
VB

 3
hr

 p
i 

C 

0 
20 

100 

40 
60 
80 

120 
140 

  P
V 

R
ep

lic
at

io
n 

 (%
) 

** 



Figure 16. Free Cholesterol Colocalizes with Rab11 Recycling Endosomes 

During Viral Infection 

A. Bodipy-cholesterol is distributed to recycling endosomes in CVB3 infected 

cells post infection. Cells expressing Rab11-mRFP were loaded with Bodipy-

cholesterol, infected with CVB, and monitored over time by live-cell confocal 

microscopy. Representative images for 0 and 2 hours post infection are 

presented. Scale bar is 10μm. 

B. SIM images of Bodipy-cholesterol localizing to Rab11 positive endosomes. 

HeLa cells expressing Rab11-YFP were infected with CVB; images were 

taken at 3 hours post infection. Note the localization of Bodipy-cholesterol to 

Rab11 positive endosomes (inset). 

C. Ezetimibe treatment inhibits PV replicon replication as compared to mock 

treated control cells. Mean peak replication data ± SEM of replicon 

transfected cells from three independent experiments with six replicates each 

are plotted. ***p < 0.001. Standard errors and p-values were calculated using 

the Student t-Test for unpaired data with unequal variance function. 
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Figure 17. Viral Protein 3A Recruits and Targets Free Cholesterol-Rich 

Rab11 Recycling Endosomes to Viral Replication Organelles 

A. Viral replication organelles were found to be actively recruiting Rab11 

endosomes. Confocal time-lapse images of HeLa cells cotransfected with 

Rab11-YFP and FAPP1-mRFP (VRO marker), then infected with CVB. Scale 

bar is 5 mm. 

B. Image gallery of fusion events between Rab11-YFP recycling endosomes 

with replication organelles, boxed region in A, at 3.5hr pi. Scale bar, 1 mm. 

Time lapsed 15 minutes. 

C. Quantification of Rab11 colocalization with FAPP1-labeled replication 

organelles shows a significant increase at peak replication. Mean Pearson 

correlation coefficients ± SEM are plotted (n = 5 cells for each time point). 

D. Rab5 (early endosomes) and Rab7 (late endosomes) are not colocalization 

with replication organelles at peak CVB replication. Scale bar is 10μm. 

E. Association between PI4KIIIβ with Rab11 in CVB infected cells at peak 

replication is enhanced.  Protein levels were measured from lysates by 

immunoprecipitation of Rab11 in CVB infected cells followed by western blot 

analysis of PI4KIIIβ. 

F. Ectopic expression of viral protein 3A (red) recruits Rab11 (green) to 3A-

containing membranes. Hela cells were transfected with enteroviral protein 

3A, fixed, and immunolabeled with antibodies against viral 3A and Rab11. 

Scale bar, 5μm. 

  



CHAPTER 8 

Discussion And Future Aims 

DISCUSSION: 

 The work presented in this thesis shows that CME is exploited by 

enteroviruses to enrich intracellular free cholesterol pools and subsequently 

traffic cholesterol to replication organelles where cholesterol modulates 

proteolytic processing of viral protein 3CDpro and facilitates viral RNA synthesis. 

Furthermore, we found that enteroviral replication can be stimulated in cells with 

high free cholesterol pools and functional CME pathway. On the other hand, 

replication is inhibited when CME is disrupted. Upon disruption, the CME 

machinery is not only unavailable to traffic cholesterol to replication organelles, 

but plasma membrane free cholesterol pools are instead trafficked to lipid 

droplets for storage. Finally, enteroviruses further enhance internal free 

cholesterol pools by inhibiting endosomal recycling to facilitate the cholesterol 

enrichment of recycling endosomes to be recruited and trafficked to replication 

organelles. 

 Based on these findings, we propose the following model for the role of 

CME and endosomal recycling in regulating enteroviral replication. Early in 

infection, there is a net increase in cholesterol internalization through clathrin-

mediated endocytosis (that is, LDL-cholesterol, NPC1L1-cholesterol, plasma 

membrane free cholesterol). This net increase is potentially modulated through 

the expression of newly synthesized viral 2BC proteins. A large fraction is then 



transported to recycling endosomes, while the remainder to the ER through 

alternative pathways, leading to a decrease in cholesterol biosynthesis. 

Furthermore, this decrease in biosynthesis may be intensified by the gradual 

absorption of cholesterol-rich Golgi membranes into the ER, as a result of 

enteroviral 3A protein interference with coatomer recruitment (Hsu et al. 2010; 

Wessels et al. 2006). 

 By peak replication times (Figure 18A), replication organelles have 

emerged from ER exit sites. This event removes cholesterol from the ER, 

triggering once again cholesterol biosynthesis. Notably, cholesterol storage, 

through a yet unknown mechanism, is virally inhibited throughout infection, 

enhancing cellular free cholesterol pools even more. Meanwhile, inhibition of 

cellular recycling promotes cholesterol enrichment of Rab11 recycling 

endosomes (Figure 18D) that are recruited by viral 3A proteins to viral replication 

organelles; Rab11 recycling endosomes along with PI4KIIIβ enrich these 

organelles with both free cholesterol and PI4P lipids, facilitating viral polyprotein 

processing and RNA synthesis. Inhibiting cellular recycling and targeting 

recycling endosomes to viral replication organelles also prevents endocytosed 

cholesterol and plasma membrane proteins such as LDL receptor and MHC, 

from going back to the cell surface. Preventing LDL receptor recycling may 

explain the decrease in uptake at peak replication, while trapping MHC may 

contribute to evasion of the immune system (Deitz et al. 2000; Cornell et al. 

2006). 



When cellular free cholesterol is in excess, cells maintain homeostasis by 

esterifying and storing some of the plasma membrane free cholesterol in lipid 

droplets (Lange et al. 1993; Ikonen 2008). We found that free cholesterol 

esterification and storage was enhanced when CME and endosomal recycling 

was disrupted (Figure 18B). While the mechanism was not identified, CME and 

endosomal recycling perturbation may trigger trafficking of free cholesterol to the 

ER by clathrin independent vesicular or non-vesicular pathways such as direct 

exchange through ER-PM contact sites or ORP carriers (English and Voeltz 

2013; Jansen et al. 2011). The increase in esterification activity and the physical 

proximity between the ER with the PM and endosomes suggest that free 

cholesterol is transferred first to the ER prior to storage, although some fraction 

of sterol may also be transferred directly to the lipid droplets. 

We found that disrupting CME and endosomal recycling machinery had a 

negative impact on enteroviral replication. This disruption not only resulted in PM 

free cholesterol pools being stored but also prevented enteroviruses from 

harnessing the CME and endosomal recycling machinery to traffic these pools to 

replication organelles. On the other hand, in caveolin-depleted cells, as well as in 

NPC diseased cells, the presence of functional CME machinery and ample free 

cholesterol pools generated an ideal environment for enteroviral replication 

(Figure 18C). Although, in NPC cells intracellular cholesterol trafficking from the 

late endosomal stores to the PM occurs at a normal rate (Lange et al. 2002), the 

reduction in cholesterol movement to the ER, a primary defect in NPC, may 

make more PM sterol available for the viral replication machinery. 



For the majority of the siRNAs tested, their impact on CVB3 and PV1 

replication was of similar magnitude, and small differences observed were 

potentially a consequence of differences in replication kinetics, which may 

provide opportunity for cells to mount antiviral responses, which, combined with 

CME loss, can result in stronger inhibition of the slower replication virus. 

However, the impact of depletion DAB2, an adaptor for LDL-receptor, was 

significantly greater on CVB3 than on PV1, suggesting a larger dependence of 

CVB3 on LDL to enhance cellular free cholesterol pools. 

Our data also revealed that by trafficking cholesterol to PI4P-rich 

replication organelle membranes, enteroviruses might be able to regulate the 

levels of 3CDpro proteins. Cholesterol domains help partition and organize lipids 

and transmembrane proteins within membrane bilayers (Simons and Sampaio 

2011; Lippincott-Schwartz and Phair 2010; Bretscher and Munro 1993). 

Replication complex components (3CDpro, 3Cpro, and 3Dpol) all localize to PI4P 

lipid-specific binding domains (Hsu et al. 2010). PI4P-enriched membranes can 

be highly fluid (Zhendre et al. 2011), which may prevent viral proteins from 

assembling on them. Cholesterol can counter this fluidity, by stabilizing the 

replication membranes, and thereby may facilitate both replication complex 

assembly and positioning of 3CDpro in a specific conformation such that 

autocatalytic processing will be attenuated. 

Our findings here may also have implications for understanding the 

pathogenesis of enteroviral infections. The cells of the human gastrointestinal 

tract serve as initial replication sites for many enteroviruses before dissemination 



to the rest of the body (Bopegamage et al. 2005; Iwasaki et al. 2002). These 

polarized cells are specialized for maximum absorption of dietary cholesterol and 

express high levels of NPC1L1 at the PM (Jia et al. 2011). Gastrointestinal cells 

would be ideal for enteroviral replication because due to their high cholesterol 

absorption quality along with a functional CME and cellular recycling machinery, 

including Rab11 recycling endosomes, these can traffic both apical and 

basolateral plasma membrane cholesterol pools (Maxfield and Wüstner 2002). 

Furthermore, mice made hypercholesterolemic by diet develop infections with 

high enteroviral loads, but whether this is due to compromised antiviral 

responses or enhanced replication remains to be investigated (Campbell et al. 

1982). 

Finally, cholesterol is a highly abundant critical component of the central 

and peripheral nervous systems (Chang et al. 2010; Karasinska and Hayden 

2011). In Alzheimer’s disease (AD) and Huntington disease (HD), disruptions of 

CME, endocytic recycling, and cholesterol homeostasis have been frequently 

reported, including a significant increase in the number of neuronal lipid droplets 

containing esterified cholesterol (Area-Gomez et al. 2012; Li and DiFiglia 2012; 

Martinez-Vicente et al. 2010; Chang et al. 2010; Cataldo et al. 2000). Huntingtin 

protein, the primary causative agent for HD, interacts with HIP1 and clathrin 

(Velier et al. 1998), and mutant huntingtin expression alone can disrupt 

cholesterol homeostasis (Trushina et al. 2006). The loss of Rab11 function and 

localization has also been linked to AD and HD, where disruption of the transport 

of recycling endosome to the plasma membrane contributes to neural 



degeneration (Li et al. 2009). Similarly, in AD, amyloid β were shown to cause 

CME defects (Treusch et al. 2011), and cholesterol esterification, the latter a 

hallmark of familial AD (Area-Gomez et al. 2012; Chang et al. 2010). Indeed, 

blocking cholesterol esterification alleviates AD symptoms and reduces amyloid 

plaque formation (Bryleva et al. 2012). Our findings here coupling the disruption 

of CME and endocytic recycling with accumulation of esterified cholesterol may 

provide insight and therapeutic strategies for these neurological conditions. At 

any rate, whenever CME or endocytic recycling components are perturbed, the 

impact on cholesterol homeostasis should be given consideration when 

interpreting experimental results. 

In summary, our results identify a wider role of host endocytic proteins in 

shaping the cellular cholesterol landscape and impacting the viral life cycle 

beyond attachment, entry and export. These findings may provide new panviral 

therapeutic strategies for treating enteroviral infections including blocking 

cholesterol uptake or biosynthesis, stimulating cholesterol storage, and 

preventing cholesterol from being trafficked to replication organelles by disrupting 

the viral recruitment of Rab11 proteins. 

FUTURE AIMS: 

This research project has various questions that have grabbed my interest 

and that I want to continue investigating. Associations between proteins can 

facilitate the transfer of factors necessary to build a stable structure or function. 

In this case, free cholesterol is needed in the VROs for viral protein processing. 

As previously mentioned, during viral infection there is an increase in the 



association between Rab11 and PI4KIIβ; therefore, first I want to Identify if the 

association between Rab11A and PI4KIIIβ is involved in the targeting of the 

cholesterol to the viral replication organelles. A recent publication describes the 

crystal structure of the association interface between Rab11A and PI4KIIβ. The 

crystal structure details the target amino acids involved in this interaction (Burke, 

et al. 2014). 

In our preliminary data, we used the information provided by the crystal 

structure to make site directed mutagenesis to make single and double point 

mutations to specific amino acids in the Rab11A sequence; we did not use the 

sequence from PI4KIIIβ for any mutations because the product of its activity, 

PI4P lipid, is necessary for viral replication (Hsu et al. 2010). The mutations were 

targeted to inhibit the binding between Rab11A and PI4KIIIβ, without modifying 

their function. We selected from the Rab11A WT sequence Histidine 130 and 

Leucine 131 and mutated either one or both of the amino acids into Alanine 

(SM130, SM131, and DM130/131). 

Upon immunoprecipitation analysis of PI4KIIIβ, the association between 

Rab11 and PI4KIIIβ was lost in the single and double mutants (Figure 19A). We 

further checked the levels of endogenous association between Rab11A and 

PI4KIIIβ in the presence of the mutant constructs, and found that native 

association was highly inhibited in the double mutant (Figure 19A), while PI4KIIIβ 

was present in the sample. Although the Rab11 double mutant (Rab11A-DM) 

was not binding to and had a dominant negative effect on the endogenous 

association with PI4KIIIβ, during CVB infection the Rab11 double mutant was 



unstable and degraded overtime (Figure 19C). The reason for the instability and 

degradation of the double mutant might be because during CVB infection the 

host protein transcription machinery is shutdown after 2hr post infection (Flint et 

al. 2009; Cameron et al. 2011; Krausslich et al. 1987) leading to the degradation 

of the existing pool of Rab11A-DM while the levels in the control culture are 

maintained because new protein is being made replacing the degraded pool; 

therefore the protein is maintained at a steady level. The instability of the double 

mutant renders this protein not useful in our studies. Finally, to overcome this 

obstacle, we can create new mutations at different sites to see if this stabilizes 

the protein while maintaining its inability to bind PI4KIIIβ during viral infection. If a 

successful mutant protein is produced, I expect to see a decrease in the levels of 

free cholesterol at the VROs; further more, the decrease in cholesterol levels at 

VROs should increase the processing of 3CDpro resulting in a the inhibition of 

viral replication. 

We also want to investigate how, during enteroviral infection, free 

cholesterol is transferred to the viral replication organelles. One group of host 

proteins potentially involved in this process is the lipid transfer proteins such as 

the oxysterol-binding protein (OSBP) and OSBP-related proteins (ORPs). A 

recent study linked OSBP as being a potential target for transferring cholesterol 

to the VROs; by treating cells with Itraconazole (an antifungal drug with potential 

antienteroviral activity) they were able to inhibit enteroviral replication and 

identified OSBP as the target for this drug (Strating et al, 2015). 
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Figure 18. Model for Cholesterol Redistribution and Dynamics During 

Enteroviral Infection 

A. Upon infection, viral proteins (e.g., 2BC) modulate CME to enhance the net 

uptake of PM and extracellular cholesterol pools. Internalized cholesterol is 

pooled in Rab11 recycling endosomes and targeted to PI4P-enriched 

replication organelles via protein-protein interactions among viral 3A, Rab11, 

and PI4KIIIβ proteins. Additionally, some endocytosed cholesterol is 

transferred to the replication organelles indirectly, through the ER, as the 

organelles emerge from ER exit sites. 

B. Enteroviral replication is inhibited when CME is disrupted and cholesterol 

cannot be internalized/transported to replication organelles. PM free 

cholesterol pools are instead trafficked by alternate pathways to lipid droplets 

for storage. 

C. Enteroviral replication is stimulated in cells with functional CME/Endosomal 

Recycling; and with high free cholesterol pools at the PM and endosomal 

compartments (e.g., NPC diseased cells and Cav1 or Cav2 depleted HeLa 

cells). 

D. Enteroviral infection triggers the shut down of host cellular recycling within the 

first 4 hours of infection therefore inhibiting the recycle of cholesterol back to 

the plasma membrane and facilitating the enrichment of free plasma 

membrane cholesterol in recycling endosomes to be later recruited to viral 

replication organelles by viral protein 3A.  
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Figure 19. Mutant Rab11 Constructs 

A. Mutant constructs analysis: Top left band shows that the association between 

the mutant constructs and PI4KIIIβ was lost. Middle left band shows 

endogenous Rab11A level was lowered in the presence of the DM130-131 

mutant construct showing that PI4KIIIβ was not associating with Rab11A 

therefore having a dominant negative effect with the endogenous association. 

Lower left band shows PI4KIIIβ was successfully precipitated in the sample. 

Right bands shows that all 3 proteins (HA-Rab11A mutants, Rab11A, and 

PI4KIIIβ) were present in the lysate. 

B. Infected samples: Top band shows Rab11A-DM (DM130-131) is being 

degraded overtime during infection, while the total protein levels are not 

affected, lower band.  
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